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f ** PaiNCiPLES or HUMAN PHYSIOLOGY.** 



T^HE otnission of the study of Natural Science from the course of msti*uction 
-^ generally Idllowed in this country, appeflfrs a neglect of one of the most impor- 
tant means of intellectual discipline and moral improvement which the Almighty 
has placed within our reach. This study, rightly pursued, has for its object to 
enable us to read with understanding in that bright volume of Creation, th^ pages 
of which are daily and hourly unrolled before us. To every one do " the Heavens 
decliure the glory of God,*' whilste^ the Earth*' shows itself " full of His goodness ;** 
but most of all to him who has learned to interpret the wofiders they display i 
and to trace, in the glorious works bywhioh he is surrounded, His power, wisdom, 
and love. * 

As a means of intellectual discipline, the study of Natural Science is perhaps 
second to none. Habitff of accurate, discriminating, unprejudiced observation ; 
of eauiious reasoning, and 6f sound judgment ; togetlKr with a fearless love 
of Truth, are cultivated by it. Moreover, it has me* advantage of interesting 
the pupil much more than the greater part of th« ordinary routine of instruc- 
tion ; and will tend to increase his^desire for the attainment of valuable knowledge 
of any description. Further, at the present day, when Science is constantly 
furnishing some new iEUui important improvement in those Arts l^hich minister 
80 much to our comfort, and in their turn eontribute in various Aodes to the 
expansion of the intellect, the practical benefit of a general acquaintance with its 
principles is sufficiently evident. And whatever portion may be destitute of such 
direct application, will be found to have uses of itis own, in furnishing subjects for 
the healUiy occupation of the thougjits, and objects of pursuit as rational and 
interesting relaxation. 

No works at ^present before the public appear to be altogether suitable to this 
pu^se ; the greater number of strictly Elementary Treatises on Nattttal Science 
being littie else than* abridgements -of larger works ; so that thpy are much behind 
the present state of science, and are for the most part but inaccurate copies of 
one another, executed in a mechanical spirit, and destitute of the striking novel- 
ties which 8<iienliRc research is constantly bringing into view. The Publishers 
have tiherefore determined upon bringing out a connected series of Treatises 
upon the principal d^pi^maits of Natural Science, designed and executed in 
accordance with the views above expressed^ It is intended that these should 
all be founded upon "such knowledge as every person of ordinary capacity 
possesses, and that the attention of the reader should be directed in' the first 
instancie to phenomena of coniptant occurrence around him ; and it is hoped 
that by a judicious mode of treating the subject, principles may be ^dually 
dev|)oped in such a manner as to'-render them fully comprehensible, and their 
more extended application thus marked out. ^ The negleotin^ to form a proper 
connection with previously-acquired knowAdge ; the nndervalumg the results of 
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PREFATORY NOTICE. 



The following little work is intended to occupy a place some- 
what intermediate between the simpler elementary treatises on 

mechanical science, and the more elaborate works of a professedly 
philosophical character. With the former, it has this in 
common — that the Author has aimed to render it adapted to 
those who have no preliminary knowledge of the subject ; and 
to carry on his readers, step by step, from the known to the 
unknown, without requiring from them more than an accurate 

acquaintance with the ground over which they have already 
passed. To the latter, the Author ventures to hope it may 
be compared in this — ^that the highest principles of the science 
are introduced, and exhibited in their connexion with each 
other, and with the phenomena they goyem. He has thus 
endeavoured to give to his little work the character of a philoso- 
phical treatise ; whilst, by the number of examples and illustra- 
tions which he has introduced, he has aimed at preventing what 
might have otherwise been its dry and abstruse appearance. 
In this attempt, he has merely followed out the plan which has 
proved successful in the former volume of the present Series. 

The only preliminary knowledge required for the comprehen- 
sion of the whole of this treatise, is an acquaintance with ordinary 
Arithmetic^ and with the rudiments of Geometry. It is intended 

b 



Vi PREFATORY NOTICE. 

to give, however, as an Appendix to the second part, explanations 
of such geometrical terms as may he perplexing to those who are 
entirely ignorant of Mathematics. 

The mere heginner is recommended not to attempt to read 
the work straight through; but to omit Chapters V., VII., IX., 
and XII., until an accurate acquaintance has been formed with 
the rest. 

The Author is well aware, that some parts of this treatise 
may be deemed verbose and diffuse ; and that the numerical 
illustrations may be thought to be too frequently introduced. 
To this he would simply reply, that some experience as a teacher 
has convinced him, of the necessity of explanations much more 
ample, and of illustrations much more complete, than those 
ordinarily given in elementary works ; and that he has 
endeavoured to commit to paper the instructions which, when 
delivered verbally, were successful in impressing the minds of 
his pupils. 

In conclusion he would state, that, although a large part of 
the contents of this treatise is the common property of all writers 
on the subject, many statements and illustrations may claim 
some degree of novelty. He thinks it right to add, that he is 
under particular obligation to the works of Professors Moseley 
and Daniell, of King^s College, London. 



CHAPTER I. 

OF MATTER AND ITS PROPERTIES. 

1 . The universe in which we are placed^ and the changes 
which are continually taking place in it, offer to the inquiring 
mind of Man unlimited scope for the exercise of the faculties with 
which he has heen endowed. And, by the wise ordination of the 
Creator, the minds of different men are so constituted, that they 
have a natural taste for different objects of pursuit ; so that there 
is scarcely a subject of inquiry, in the eager pursuit of which 
there are not many engaged. Thus one devotes himself to 
observing the appearances and the motions of those heavenly 
bodies, whose constant but regular changes have, from the 
remotest ages, been sources of wondering interest; and the 
observations thus collected serve as the basis, on which the phi- 
losopher is enabled to found a beautiful system of reasoning that 
explains all their complex movements (although these seem 
more irregular, the more closely they are observed,) upon a few 
simple principles. Another considers the changes which have 
taken place in the mass of our own globe: he seeks for 
observations respecting these changes, — whether they result from 
the action of heat, as in the case of volcanoes and earthquakes, — 
^-or from that of water, as when new islands are formed at the 
mouths of rivers by the sediment brought down in their streams, 
—or from the agency of living beings, as when islands of large 
extent are raised above the surface of the ocean by the labours 
of innumerable coral-polypes ; and from these he reasons as to 
the causes of those past changes in the condition of the earth's 
surface, which, there is abundant reason to know, must have been 
very numerous and important. Another directs his attention to 
the living inhabitants of our globe, seeks to become acquainted with 



MATTER AND ITS PROPERTIES/ 



their almost countless forms, and examines their internal structure; 
or he observes their mode of life, watches their habits, and studies 
the changes which they are continually undergoing ; and from 
the information thus obtained, he endeavours to ascertain the 
principles which have governed their construction, or (in other 
words) to find out the plan upon which the Creator has been 
pleased to form and arrange their parts, so as to produce the 
wonderful variety which we behold, whilst each is adapted with 
equal perfectness to the objects it has to fulfil. 

2» In all these studies, and in many more that might be enu- 
merated, we are occupied with maUer under some of its forms. 
By matter we understand the material of which the universe is 
built up ; and with this we become acquainted through our 
senses, which inform us of its properties ; and as we find these 
to vary in different cases, we say that there are different forms 
of matter* We know just as much of any form, or state of 
matter, as our senses can communicate to us ; and no more. A 
person deficient in one or more of the senses, is shut out from, 
any exact knowledge of the properties, of which those senses in- 
form us. Thus a blind man, who has been blind from birth, can 
form no proper idea of colour, nor a deaf man of sound. There 
are some bodies, of whose existence we are informed by nume- 
rous senses ; whilst others ar« known to us through one only. 
Thus we receive information respecting the properties of a piece 
of cinnamon by the sight, the touch> the taste, and the smell ; 
whilst those of Sk piece of flint are known to us only through the 
sight and the touch : we are aware of the existence of the planets 
and stars (which do not impress us with any perceptible warmth) 
only by the sense of sight; and there are many gases which are per* 
fectly transparent, and do not possess colour, so that they cannot be 
distinguished by the eye, yet are at once recognized by the smelL 
Hence our knowledge of the peculiarities of different kinds of 
matter is limited by the nature of our senses ; but the informa- 
tion which these communicate to us respecting it is so abundant, as 
to serve all the purposes for which we can require such knowledge. 
It is wonderful how many ideas may be obtained vespectii^ the 
world around, even by the sense of touch alone. Instances have* 
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occurred of cliildren who were at the same time blind and d^af, and 
who possessed but little smell or taste; who yet, under the instruc* 
tion of intelligent persons, have gained a large amount of informa- 
tion, and have been able even to comprehend the meaning of 
language. 

3. This is the less surprising, however, when it is remembered 
that our first knowledge of matter is derived from the Umeh. 
It is through this sense that we gain the idea of that property 
which is common to every form of matter, and which gives us, 
in fact, our notion of it, — ^namely, its tesistance. The child 
strikes its head against the table ; it feels a hard blow, because 
the table is a solid body, and the resistance it makes is complete. 
We press backwards our hands against the water in swimming ; 
and feel an amount of resistance which is sufficient to urge for* 
wards our body. We run quickly in a dress which presents a 
large surface to. the air ; and we feel that its resistance makes 
our movement less rapid. This resistance, then, is common to 
all bodies, — whether solid, liquid, or aeriform ;* but it is greater 
in the solid than in the liquid, and greater in the liquid than in 
air or gas. The cause is this. It is the fundamental property 
of matter, that no two particles, whatever may be their nature, 
can occupy the same space at the same time ; we cannot, there- 
fore, cause one particle or one body to occupy the place of an- 
other, without moving or displacing it. Now in solid bodies, 
the particles are so firmly held together, that we cannot move 
one alone without separating it from the rest ; and an impulse 
given to one, if it be sufficiently strong, will move the whole 
mass. In liquids and gases, on the contrary, the particles have 
a free movement upon one another; so that we can displace any 
part, leaving the rest as it was ; and we cannot move the whole 
by a force applied to a part only. 

4. These truths are made evident by [simple illustrations. 
If we desire to make a hole in a piece of hard iron, we cannot 
do it by driving an awl into it ; for the awl merely pushes the 
particles to one side and the other, to make its own way ; and 
the particles of iron hold together so firmly that they cannot be 

* HaTing the condition of air or gas. 
b2 
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thus displaced. In order to perforate the iron, we must employ 
an instrument, — ^tlie drill, — which shall cut or separate from the 
rest the particles that occupy the situation in which we desire 
our hole to he. Thus we see that the iron is a very hard or 
solid hody. On the other hand, when we dip the finger into a 
basin of water, we have no difficulty in displacing its particles ; 
for they roll over one another so readily, that those previously 
filling the space which the hand is made to occupy, are pushed 
to one side and the other to make room for it. This is still 
more readily accomplished in the case of aeriform bodies, whose 
particles hold to each other so very loosely, that their displace- 
ment is accomplished without any difficulty. Thus we can move 
a stick rapidly backwards and forwards in air, without being 
much restrained by its resistance ; although, through the whole 
movement, the particles of air are being continually pushed 
aside, as the stick advances to take their place. But in water 
this movement is much more difficult, since the particles are not 
so readily made to move upon one another. And between 
liquids and the hardest bodies, there are many intermediate 
states. Thus mud or dough may not be liquid enough to flow, 
or to spread itself out from a mass along a flat surface ; and yet 
it shall not be solid enough to hold together when one portion 
is pulled from the rest, or to offer firm resistance to a blunt 
stick, or to the hand pushed into it. It may be still more solid, 
so that its parts shall adhere enough for the mass to hold to- 
gether pretty firmly, when an attempt is made to separate them 
by pulling them asunder; yet it shall still be easily penetrated by 
a sharp stick, or by any instrument that has not a large surface 
for.it to resist* Or it may be more fluid, so that a mass may 
spread itself out into a flat surface, or run^ though slowly ; yet 
its resistance to any substance moving through it, shall be much 
greater than that offered by water or any other ordinary liquid. 
5. Though the term Jluid is commonly regarded as having 
the same meaning with liquidy the scientific use of the two is 
different ; and it is important to regard the distinction. The 
term Jluid includes all those bodies of which the particles move 
readily upon one another^ — in other words, all those which are 
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not solid. But there is this important distinction among flnid 
bodies ; that in some,, the particles have still a certain tendency 
to hold together, so that they always occupy the same space^ 
however much the form of that space may vary ; whilst in 
others, the particles have so little tendency to remain attached, 
that they always have a disposition to separate as far as they 
are permitted to do, and thus occupy the whole of any space 
within which they are confined. A given weight of water, for 
instance, will occupy exactly the same quantity of space, what* 
ever may be the form or size of the vessel which holds it ; and 
if we take away a portion, the remainder has no tendency to 
increase in bulk, to occupy the room of that which has been 
removed. But a giveil weight of air may be made to spread 
itself equally through the whole of a vessel of any size ; and 
if a portion be taken away, the remainder will spread itself 
still more, so that still every part of the space shall contain 
the same amount of it. Again, if we fill a bladder or bag quite 
full of water, and strike it, we can make no more impression 
upon it by a blow (that is, supposing the walls of the bag not 
to be capable of extending themselves) than we could upon a. 
solid body ; but if filled with air of any kind, the bladder or bag 
will yield to the blow, returning again, however, to its original 
form and size as soon as the pressure is removed.* Hence we 
see that there is in reality as great a distinction between these 
two classes of bodies, as there is between fluids and solids : and 
they are scientifically divided into elastic fluids, namely, aeriform 
bodies, gases, and vapours, and non-elastic fluids or liquids. 

6. Now with regard to solid bodies, we may first notice a 
circumstance familiar to all — that they possess different degrees 
of hardness. Thus, as *^ hard as flint,^^ is a common proverb. 
The diamond is probably the hardest of all substances, for it 
cannot be cut or scratched by any other ; so that the lapidary is 
obliged to use diamond powder, in the same manner as he uses 
«mery in other cases (§. 1 79.), for cutting and polishing this gem. 
Glass, agate, and various precious stones, are other instances of 
very hard substances, of which the particles are so firmly united 

* This property is known as elasticity, — See Chap. II. 
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to each other, that we cannot displace them by any mechanical 
force, without altogether detaching them. But lead and wood 
are also solid substances; and yet they may both be pierced 
with sharp-pointed instruments, which shall push away their 
particles to one side and the other, without separating them from 
the mass. There are different degrees of solidity, therefore, as 
there are different degrees of fluidity. This is seen in another 
Way. The hardest substances oannot be diminished in bulk by 
any amount of pressure that can be applied to them ; but many 
of the softer metals can be mado much harder by hammering ; 
80 that the same weight shall be contained in a less space. 
Wood is far more compressible than any other solid substance ; 
for, by a sufficient amount of force, a pieoe of light wood may 
be made to occupy less than half its ordinary bulk, so that it 
shall sink in water. This is due, however^ to the fact, that 
wood has a texture very different from that of solids in general^ 
being composed of a number of tubes of different sizes,* which 
in green wood are filled with fluid, but in dry wood contain only 
air : so that there is nothing to prevent the sides of these from 
being forced together by pressure. 

7. Liquids are but very little compressible, although their 
particles seem to be at a greater distance from each other than 
those of solids. Indeed it was for a long time uncertain whether 
they could be compressed at all. The question has been de- 
cided, however, by the very accurate experiments of the Danish 
philosopher, CBrsted. His apparatus was so constructed as to 
measure accurately a change in the bulk of the fluid experi- 
ihented on, that should be no more than one-millionth of the 
whole. With this he ascertained that, by every addition of 
pressure, the bulk of the water is diminished in a very minute 
degree ; the proportion being such, that an additional weight of 
15 lbs. upon every square inch of the surface pressed on, will 
diminish the bulk of the water by about 46 millionths of the 
whole. Other liquids are also found to be compressible in various 
proportions, some more and some less than this; mercury 
(quicksilver), which is the heaviest fluid known, being the leasfc 

* - dee Treatise on Ycqetablb Phtsioloot,' Chap. Y. 
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compressible; and ether, which is the lightest, being the 
most so. 

8. Elastic or aeriform fluids, are extremely compressible ; and 
the more they have been compressed, the greater is the additional 
pressure necessary to diminish their bulk. Thus, a certain 
weight of air has a very different bulk, according as it is near 
the earth's surface, or a mile or two above it. This is easily 
understood, by considering that, if a high pile of horse-hair 
mattresses were made by laying one upon another, those at the 
bottom of the pile would be reduced in thickness by the weight 
of those above. Now the weight of the column of air that 
presses upon each square inch of the surface of the earth, or of 
any body upon it, is about 15 lbs. ; and the particles of air at 
the bottom of the atmosphere, therefore, are pressed together by a 
force of that amount. But on the top of a high mountain, a 
large part of the atmosphere is below, and a much smaller portion 
above; so that the pressure from above is not nearly so great, 
and the same weight of air will here occupy a much larger space. 
Kow it has been ascertained by a very simple experiment, that 
common air (as well as all other' gases) is compressed into half 
its bulk, whenever the pressure is doubled ; so that if a quantity 
of air, which is compressed on the surface of the globe by a 
weight above it of 15 lbs. on every square inch, be. pressed with 
just as much mor^, it will be reduced to half its dimensions. If 
it be compressed by three times its ordinary weight, it is reduced 
to one-third of its usual bulk. The elasticity of air, or any other 
gas, is such that, when it has been compressed, it seeks (as it 
were) to get free with a force equal to th^t which has been 
applied to it ; so that, if we were to endeavour to condense a 
large bulk of air into a small vessel whose walls were not suf- 
ficiently strong, it would be burst open ; and in order to reduce 
any quantity of air to a smaller bulk, we have first to overcome 
the outward pressure which it is exerting. By means of a ve:^ 
strong apparatus, CErsted has succeeded in compressing air to 
l-65th of its usual bulk ; and it must then have exercised 65 
times its usual pressure, so that the vessel to hold air thus con- 
densed, must have been capable of resisting a force of (15 x 65) 
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97^ lbs. on each square inch of its surface* AH other gases can 
be compressed in the same proportion. The gas, for instance, 
which serves to light our streets and houses may be so compressed, 
that a quantity sufficient to bum for a whole night may be con- 
tained within a vessel of the size of a large ordinary jar. In the 
making of soda-water, again, a gas of a different kind is very 
much compressed ; and when in this state, water may be made 
to take in a large quantity of it ; but when the pressure is re- 
moved, by the loosening of the cork, the greater part of the gas 
escapes rapidly from the water, causing the effervescence which 
renders this beverage so refreshing. 

9. Although the bulk of solids and liquids can be but little 
changed by*pressure, yet even the most incompressible are made 
to contract in size by cold, and to expand by heat. This change, 
however, is much greater in aeriform fluids than in solids and 
liquids ; and whilst the degree of change in the latter is different 
for almost every substance, it is the same for all gases. These 
expand or increase in bulk, to the amount of l-480th of the 
whole, for every degree of Fahrenheit'^s thermometer (the one in 
ordinary use in this country). The most remarkable effect of 
heat upon bodies, however, is its tendency to make them change 
their form, from the solid to the liquid, and from the liquid to 
the gaseous. The change of a solid into a liquid is usually 
termed its meUinj, fusion^ or liquefaction; whilst the change 
from the liquid to the gaseous state is called vaporuro/ion,— -when 
made rapidly, hoUing^ — or if made slowly, evaporation. Each 
substance requires a peculiar amount of heat, for such change of 
form ; and although this is sometimes the greatest that we can 
employ, yet in o^er instances it is so little as to be below the 
ordinary temperature of the air, or of our bodies, and is there- 
fore commonly regarded by us as cold. Thus we are accus- 
tomed to regard the liquid state as the natural condition of water ; 
because it is only when there is a much less degree of heat in the 
air than usual, that water passes into the solid form by freezing. 
But in the Arctic regions, and on the tops of high mountains, 
even in the torrid zone, the frost is perpetual, and water is never 
found but in the state of ice, except when the summer's sun 
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sligbtly thaws the surface. Hence water cannot be said to differ 
in this respect from bodies which are solid at our common tem- 
perature, except that its melting point is lower than theirs. 

10. There are very few liquids which may not become solid 
hy a sufficient degree of cold ; thus mercury, which retains its 
liquid state under a degi'ee of cold far more intense than that 
which freezes water, is congealed at last into a solid mass, the 
characters of which are in all respects analogous to those of the 
metals in general. Hence mercury, though fluid at the ordinary 
temperatures at which the other metals are solid, has, like them, 
a true melting or fusing point ; and there are parts of the globe, 
where the cold of the ordinary winter is so extreme, that mer- 
cury is kept by it in the solid form. We might imagine that a 
person living all the year round in a temperature low enough to 
keep mercury frozen (if such a case were possible), would think 
the liquefaction or fusing of mercury as great a curiosity as we 
are accustomed to regard its freezing. There are some liquids 
which have hitherto resisted all attempts to change them to the 
solid form ; but there is much argument from analogy for the 
belief, that they all might be so changed, if we could produce a 
sufficient degree of cold, or rather withdraw a sufficient amount 
of heat. 

11.' There is not usually much change of bulk in the liquefac- 
tion of bodies ; nor in their freezing or congelation. Generally 
speaking, the bulk of a body in the liquid form is greater than 
that of the same weight in the solid ; for the solid body goes on 
expanding (or increasing in bulk), under the influence of heat, 
until it is just about to become fluid, and then a further expan- 
sion takes place. But there is a remarkable exception in the 
case of water, which takes up more room in the solid state than 
in the liquid ; so that an equal bulk of it is lighter. It is a very 
familiar fact, that water in freezing expands, so as to burst any 
pipe or vessel within which it maybe at all closely confined ; and 
it is to the same cause, that we owe the floating of ice upon water, 
since its formation would otherwise take place at the bottom. 

12. The expansion of liquids under the influence of heat 
increases very rapidly as the temperature is raised; and is 
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particnlarly great when the liquid is heated neaily to its boiling 
point. The change of bulk is then yery great and sudden ; for 
all yapours haye many times the bulk of the liquids from which 
they rose. Thus a pint of water would produce 1694 pints of 
■Steam at the ordinary pressure. Though the yaporization of 
fluids takes place chiefly under the influence of heat, yet the 
quantity of heat required to produce it is yery different under 
'different degrees of pressure. Thus, if we take water at the 
ordinary pressure as the standard, we should find that any addi- 
tional pressure (such as would be produced if the yessel were 
kept tightly closed) would render an additional quantity of heat 
necessary to conyert it into steam ; whilst, on the other hand, 
the remoyal of the ordinary pressure of the air, will cause water 
to boil at a much lower temperature, as happens on the top of 
high mountains, or as may be easily shown by the air-pump. 
Under pressure of the most powerful kind, water has been heated 
to such a degree, that the iron yessel which contained it was 
red-hot throughout ; and if the pressure had been withdrawn in 
a yery slight degree, the water would haye immediately passed 
into the condition of steam, which, by its yery great elasticity at 
liigh temperatures, would haye blown the yessel to pieces. On 
the other hand, when the pressure of the air has been entirely 
remoyed, water boils at a temperature not aboye that which it 
naturally has on a hot day. This fact is one of great practical 
importance ; for the boiling of many fluids whidi are injured by 
too high a temperature, is now successfully conducted in yessels 
from which the air has been partly exhausted*. 

13. Our knowledge of the combined influence of temperature 
and pressure on the condition of certain bodies, has receiyed 
many important additions within the last few years. It was 
formerly the custom to divide aeriform bodies into two classes, — 
yapours, and gases : the former were regarded as liquids in an 
aeriform state ; whilst to the latter this state was supposed to be 
natural, it not being imagined that they could ever exist in the 
liquid form. Many kinds of gas, however, are capable of being 
reduced to the fliud form by pressure only ; and others by cold 

* The particulars will be given when Heat comes to be treated of in detail. 
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and pressure combiBed ; and there is one, — carbonic acid gas, 
(the fixed air of soda-water, champagne, &c.) — which has eyen 
been converted into the solid form. It is probable, then, that all 
gases might be made to assume the liquid or even the solid con- 
dition, if they could be subjected to the united influence of cold 
and pressure to a sufficient degree ; and that they differ in nothing 
from those aeriform fluids which are ordinarily termed vapours, 
except in the very low temperature at which the liquids are 
vaporized. 

14. Thus we have strong reason to believe, that the solid, liquid, 
and gaseous states may be common to all bodies ; and that the 
reason why there is so great a variety in the conditions in which 
we usually flud them, is simply, — that every kind of substance 
changes its state at certain fixed temperatures. So that whilst 
some (as metals in general) are solid at ordinary temperatures, 
they become liquid at higher, and gaseous at higher still ; others, 
which are liquid at ordinary temperatures (as mercury and 
water), may become solid at lower temperatures, and pass into 
vapour at higher ; and lastly, others (as carbonic acid) which 
have a gaseous condition at ordinary temperatures, may be turned 
into liquids or even solids, by an increase of pressure, or by a 
diminution of heat. 

15. We see, in these different conditions, the influence of two 
different forces acting on the particles of matter; — a force which 
draws or attracts them together, and a force which tends to 
separate them. The former, which is termed the attraction of 
cohesion^ operates only at very small distances ; so that, if the 
particles be very widely separated, they have no cohesion what- 
ever. On the other hand, the force. which tends to separate 
them is one by which the particles repel each other ; and this 
repulsive force seems to be heat^ or at any rate to be produced by 
the action of heat. For, as we have just seen, heat causes the 
particles of bodies to undergo a gradual separation from one 
another, before their form is entirely changed. This is peculiarly 
shown in the case of glass, and many of the metals, which become 
very soft and easily moulded into any shape, before they actually 
melt. The action of the cohesive force is best seen in solid 
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bodies, of which the particles are so close together, that this 
force can have its full influence. It is weakened in the liquid, 
by the increase of the repulsive force, which has in some degree 
separated the particles ; but still it is strong enough to prevent 
the repulsive force from carrying these particles wide apart from 
each other. In aeriform bodies, the repulsive force has been so 
much increased, as to carry the particles beyond the influence of 
each other's attraction, and, consequently, they have no cohesion 
whatever, but tend to separate as widely as they are allowed to do. 

16. The knowledge of these principles, then, enables us to 
understand the influence of heat and cold, and of diminished or 
increased pressure, in changing the form of bodies. When a 
solid body is heated, the repulsion of its particles is increased,— 
they are separated from one another to such a degree, that their 
cohesive attraction is greatly weakened, so that they can move 
freely upon one another ; but this is not destroyed, for it keeps 
them from flying asunder. But when the temperature is raised 
still further, the repulsive force is increased by the added heat» 
and the particles become separated so widely, that their cohesion 
is altogether destroyed; and the same effect may be produced by 
the simple removal of the external pressure, which has an obvious 
influence in keeping together the particles of the liquid. On tho 
other hand, an increase of pressure applied to a gas, may, without 
any withdrawal of heat, bring the particles so closely together, 
that they come within the influence of each other's cohesive 
attraction, and thus they may be made to assume the fluid form ; 
but the same effect is produced with a much less amount of pres- 
sure, when the repulsion of the particles has been diminished by 
lowering the temperature. 

1 7. When the change from the liquid to the solid form occurs 
slowly, and other circumstances are favourable, the particles 
have a tendency to arrange themselves in certain very regular 
modes; producing those forms, bounded by straight lines and 
angles, which are termed crystals. These are most familiar to 
us in the spangles of hoar-frost or the flakes of snow ; but water 
is not the only substance that produces them in the act of con- 
gealing. Thus, if we melt a mass of sulphiur (brimstone), or of 
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the metal bismuth, in an earthen pot or crucible, carefully watch- 
ing it whilst it slowly cools, until a crust has formed on its sur- 
face, and then pierce this crust, and allow the liquid portion 
remaining within to flow out, — ^we shall find the cavity studded 
with beautiful crystals, those of the bismuth being exact cubes^ 
and those of the sulphur being needle-shaped^ with six sides. 

18. But crystallization may be made to take place in a very 
beautiful and regular mode, in many substances which could not be 
thus made to exhibit it ; still the same principle governs it,-— the 
gradual change from the liquid to the solid state, which gives the 
particles time to arrange themselves with regularity. This hap« 
pens when substances that have been dissolved in water or other 
liquids are set at liberty by the cooling or the evaporation of the 
liquid. Thus, if we put a quantity of common salt into boiling 
water, continually adding until it will take up no more, (this is 
called a saturated soltUton,) and then allow it to cool> we shall 
find a large part of the salt deposited in small crystals at the 
bottom ; for water when cold cannot dissolve so much of the 
salt as when warm, and cannot therefore retain what has been 
dissolved. The same effect is produced by dissolving in cold 
water as much salt as it can take up, and then letting the water 
gradually evaporate or dry away ; as the salt does not go off in 
vapour, it must be left behind in the solid form, and this form is 
crystalline. A very simple experiment enables any one to see 
crystallization in the very act of going on. Let a Florence 
flask (such as olive oil is usually sold in) be nearly filled with 
water, and let as much Glauber-salt be then added as the 
water will dissolve when heated to boiling* If the flask be 
corked whilst the water is hot, and be not disturbed in cooling, 
the salt will remain dissolved ; but as soon as the cork is taken 
out, crystallization will begin, and will rapidly spread through 
the whole mass. If (as sometimes occurs) it should not at once 
take place, it may be produced by shaking the flask, or by 
dropping into it any small body that is capable of being wetted 
by the fluid ; the best for the purpose seems to be a crystal of 
the salt itself. 

1 9. It generally happens, however, that crystallization which 



14 CBYSTALLIZATIONi 

takes place very rapidly has a confused character ; whilst the 
same sahstance, when more slowly consolidated, may present 
large and very regular crystals. This difference is well seen in 
the case of loaf-sugar and sugar-candy. The process of ciys- 
tallization is also favoured hy the presence of any centre, or 
nticleiiSy round which the particles may arrange themselves ; 
thus, in the manufacture of sugar-candy, verdigrise, blue vitriol, 
and other crystalline substances, strings, wires, or strips of wood 
are placed across the vessels holding the fluid, and may very 
commonly be found in the centre of large groups of the crystals. 
The best kind of nucleus consists of a crystal of the body itself, 
which seems to attract other particles of the same kind ; and it 
is remarkable that it will choose (as it were) out of two sub- 
stances dissolved in the fluid, the particles of its own kind. 
Thus, if we dissolve in the same water Glauber-salt and nitre, 
and then divide the fluid into two portions, suspending a crystal 
of nitre in the one and a crystal of Glauber-salt in the other, 
the nitre only will crystallize in the former part, and the Glauber- 
salt in the latter. This tendency enables us to obtain very large, 
regular crystals from smaller ones, by proper management. If 
we take the largest and most regular that can be obtained by 
the ordinary process, and place them in a saturated solution of 
the same salt, a gradual deposite of new particles will take place 
on their surfaces ; but as this addition does not take place to the 
surface that is in contact with the bottom of the vessel, the 
crystal must be turned every day to preserve its regularity of 
form. It has been remarked that if a solution, containing 
crystals of different sizes, be exposed to changes of temperature, 
the large crystals will grow at the expense of the small ones^ 
This takes place in the following manner : when the tempera- 
ture of the liquid rises, it dissolves a portion of the salt, and 
diminishes the size of all the crystals in a like proportion ; but 
when the temperature falls, it must part with this addition, 
and the newly deposited matter settles upon the large crystals in 
much greater proportion than upon the small ; so that the matter 
of which these last are composed is gradually taken up and 
deporited upon the larger. 
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20. It has long been known that particular forms of oys- 
tallization are peculiar to certain kinds of substances ; and these 
forms often enable tlie Mineralogist to distinguish them by th& 
eye alone.* Some minerals occur in several different forms, but 
these may be shown to have a certain connexion with each other* 
As to the cause which governs this regular arrangement of par** 
ticles, philosophers are still in doubt ; and it is undesirable to dis-* 
cuss, in this place^ the speculations which they have put forth. 
There can be no doubt> however, thai it results from a certain 
regular operation of the cohesive attraction ; nnce we find that 
all bodies which slowly pass from the liquid to the solid form, 
have a tendency to assume it. Many substances are found in 
beautiful crystalline forms, which the chemist has not until 
recently been able to imitate ; since he cannot either melt these 
substances and allow them to crystallize in cooling, or dissolve 
them in water and cause them to crystallize from the solution. 
Of this kind is silez, the substance of which flint is composed ; 
the large and beautiful crystals of silez, which are known under 
tiie name of quartz^ or rock-crystal, are inferior in hardness only 
to diamond. Now silex cannot be crystallized in the ordinary 
way ; for it obstinately resists being melted by itself, and it 
cannot be dissolved in water in any but the minutest proportion. 
But it may be dissolved in water containing a strong alkali, 
with which it enters into combination ; and from this solution it 
may be separated in a crystalline form, by the prolonged action 
of a very feeble current of electricity. There are still many crys«> 
tals, however, which cannot yet be imitated by art ; amongst 
these is the diamond, which is nothing else than crystallized 
carbon, — the substance of which charcoal and coke are almost 
entirely composed. 

21. The slow and undisturbed action of the cohesive foroe^ 
not only produces the regularity of the external forms of crys* 
tals, but also an internal, structure which is equally regular. 
This is evident from the fact, that they may be split in certain 
directions, whilst they will resist almost any force applied to 
them in others ; this has been long known to diamond-cutters^ 

* See Treatise on Minkralooy* 
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but the fact has been more recently applied in the science of 
Mineralogy, and has given to it an entirely new character. Hie 
directions in which crystals are readily split, are termed the 
planes of its cleavage* This tendency is very important in a 
practical view ; for it is owing to it that crystalline substances, 
however dense they may be, are so brittle ; and that substances 
which are more or less perfectly crystalline are usually brittle in 
proportion as they possess this structure. Thus, cast-iron is 
very hard, presenting a strong resistance to any forces that 
would separate its particles ; but it is at the same time very 
brittle, on account of its partly crystalline character* On the 
other hand, wrought or malleable iron, which has had its cha- 
racter completely changed by exposure to the air when melted, 
and by being hammered when softened by heat, has a fibrous 
texture ; and whilst it is more easily cut, or bored, or worn down 
by continual rubbing, it is much less brittle* This difference in 
the characters of these two well-known forms of iron has given 
rise to much discussion, as to which kind was preferable for the 
taUs of rail-roads. Cast-iron, from its superior hardness, is less 
rapidly worn down, but it is liable to be broken by any sudden 
jar ; whilst wrought-iron, being much more tough, can with* 
stand such'action better, but is more rapidly worn away. The 
injury that would result, however, from the breaking of a rail 
under a train in rapid motion, is so great, that wrought-iron 
rails are now in almost universal use, in spite of their additional 
costliness and more rapid wear. 

22* The fibrous structure on which depends the toughness of 
malleable or wrought iron, is liable to disappear under peculiar 
circumstances ; and to give place to a crystalline structure, which 
will (like that of cast-iron) be accompanied with great brittle- 
ness.* This change depends upon a new internal arrangement 
of the particles ; and may take place without any alteration in 
the external form of the substance. Thus, a wrought-iron 
furnace-bar, of whatever quality it may have originally been, is 
invariably converted, within a short time, into crystallized iron, 
by the alternate heating and cooling to which it is exposed ; and 

• See a Paper on this subject by Mr* C. Hood, ia the Pkiloaophical Maga- 
Mtne for August 1842« 
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the effect may be still more speedily produced, by heating and 
rapidly cooling (as by^ quenching a few times in water) any 
piece of wrought-iron. The same brittleness is produced by 
continually hammering a bar of iron at a low temperature. If 
it be hammered at welding heat, the very contrary result is 
obtained ; but it is often found, in the manufacture of wrought- 
iron bars, that one portion has became quite brittle from being 
hammered too long after it has partly cooled, whilst the rest 
possesses the highest degree of toughness. The effect appears t6 
depend upon a peculiar state of vibration into which the particles 
are thrown by the blows : and this vibration does not take place 
when the iron is softened by heat. If a small bar of good tough 
iron be suspended, and struck continually with small hand- 
hammers, so that a constant vibration is kept up, it becomes so 
extremely brittle, after the experiment has been continued for 
some considerable time, as to fall to pieces under the light blows 
of the hand-hammer, presenting throughout its structure a highly 
crystalline appearance. Any continual jarring will produce the 
same effect. A piston-rod has been known to undergo this change, 
in consequence of a ceaseless jarring to which it was subject, 
from not being fixed tightly into the piston ; it broke short off^ 
close to the piston, and presented at its fracture a highly crys- 
talline appearance, whilst at a short distance it possessed the tough 
fibrous character, which (there was good reason to believe) ori- 
ginally belonged to the whole rod. It is, probably, to this cause 
that we are not unfrequently to attribute the breaking of the iron 
axles of carriages, carts, railroad carriages, &c. That some such 
change must have taken place in their interior structure seems 
evident from the fact, that, in many instances, they have been used 
for years with much heavier loads ; and that they have at last 
broken without any apparent cause, under lighter burdens and 
less strain than they have formerly borne« In these cases, the 
crystalline structure does not prevail equally through the whole 
axle, but is found in the highest degree in the part where the jar is 
most felt by it. The causes of this change are not yet properly 
understood. It takes place much more rapidly in the axles of rail- 
way-carriages, than in those of common road*vehicles ; and there 
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is reason to beHeve that the electricitj and magnetism which are 
produced in the working of the former have a share in the e£feci. 
However this may be, the knowledge of the possibility of this 
important change should cause great attention to the strength 
of the axlesy in order to avoid such lamentable accidents as 
those which recently occurred from this cause on the Versailles 
and Birmingham Railways. 

23. A crystalline arrangement may be shown to exist in 
many substances, when the external form has no regularity, by 
some means which shall remove the particles that surround the 
crystals, without injuring them. The simplest of these means 
IS the action of a fluid in which the substance can be dissolved ; 
for the attraction of the particles of the crystals for each other 
seems to direct the mode in which the fluid acts upon the sub- 
stance ; so that the irregularities are removed, and their forms 
become apparent. Thus, if we take a mass of alum, of sufficient 
size, having no regular external form, but made up within of a 
confused mass of crystals of various shapes, and place this in 
water, the fluid will act upon it at first in all directions alike ; 
but as soon as the solution is nearly saturated, its dissolving 
power is diminished, and it acts only in the directions where the 
substance most readily yields to it. Under these circumstances, 
its surface will become embossed with crystals, presenting an 
immense variety of geometrical figures, stamped or carved, as it 
were, upon its substance. Many other substances may be acted 
upon in a similar way by fluids that will dissolve them ; thus, 
beautiful cr}'stalline forms may be produced upon metallic sur«> 
£EMes by the action of weak acids ; and these may be applied to 
ornamental purposes. An aspect of this kind, given to common 
tin-plate, is known under the name of moirie mitcUlique ; this at 
one time excited much attention and admiration ; but the manu- 
facture has been brought into disrepute, by the very cheapness 
arising from the simplicity of the operation. 

24. Having now considered the operation of attraction be- 
tween particles of the same kind, in producing their cohesion to 
each other, we have next to speak of the action of the same force 
in producing the adheeum of particles of di£ferent kinds. In 
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scientific language, the fonner is said to be homogmeoui (from 
two Greek words, signifying same kind)^ whilst the latter is 
said to be heterogeneous {other or different kinds). This kind of 
attraction is scarcely less important than the former ; since, whilst 
cohesive attraction gives to masses of particles their form and 
density, and causes them to remain in the same condition as long 
as they are undisturbed by any other influence, the attraction 
which they have for the particles of other substances is the fre- 
quent occasion of an entire change in their form and arrangement. 
Thus the homogeneous attraction of the particles of sugar, when 
free to act by itself, causes them to arrange themselves in a 
crystalline form ; but when we bring that sugar into contact 
with water, the heterogeneous attraction of the particles of sugar 
and water is so strong, as to overcome the former; and the 
particles of sugar are consequently separated from each other, 
and diffused through the whole mass of the water. The first 
stage of the process consists in the wetting of the surface by the 
fiuid; this is caused by the feebler action of the same force. 
Thus we can readily wet with water a surface of glass ; and less 
readily, a surface of polished iron ; but neither of these surfaces 
can be wetted with mercury. No adhesion exists between mer- 
cury and polished iron or glass ; and it has not the least power 
of dissolving either of these substances. When mercury is 
spread over the ordinary surface of the metal platinum, it does 
not wet it; but it maybe made to do so completely, by carefully 
cleaning the surface. If, for a plate of platinum, we substitute 
tin or lead, either metal will be immediately and completely 
wetted by the mercury; and if the quantity of the fluid be 
sufficient, it will dissolve the solid in a short time. It seems, 
then, that the adhesion of the surfaces is the first operation of 
heterogeneous attraction ; and that, where this occurs, there is 
generally a power on the part of the fluid to dissolve the solid^ 
though sometimes in very small amount. The case of glass and 
"Water is not an exception to this rule ; for though we do not 
usually regard glass as at all soluble in water, yet we may show 
it to be so, by placing very finely-powdered glass upon turmeric 

c2 
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paper,* and then moistening it ; the paper will receive a brown 

tioge from the &lkali which glasa contains. 

25. The heterogeneous attraction of liquids for solida appears, 
therefore, to be the cause why the coheeton of the latter may hfi 
destroyed by a liquid, and their particles completely separated 
and diffused through it. The act of solution is usually much 
facilitated and hastened by additional heat ; and this is at once 
understood, when it is remembered that heat weakens the cohe- 
sion of the particles of the solid, so that the resistance to the 
heterogeneous attraction of the flnid is much diminished. This 
power of tolution is obviously one of immense importance, as 
well in the economy of nature, as in the arts of man. The 
diffusion of salt through the waters of the ocean, the reduction 
to the liquid form of the various substances which are required 
by the chemist and the dyer, and the ordinary sweetening of our 
tea and coffee, are familiar examples of its operation. 

26- But there are other operations, scarcely less important, 
which result from the simple adhesion of solids and fluids, with- 
out any change of form. Of these, the most striking is that 
which is ordinarily known as capillary attraction. If we dip a 
js tube of very small bore (hence termed 
a capillary tube, from eapilla a hair) into 
a liquid that is capable of wetting it, we 
I shall see that the liquid rises in the tube 
to a certain height above the surrounding 
level ; and that it is drawn up against the 
surface of the glass, both inside and out- 
side the tube. Here the heterogeneous 
'"" " attraction between the glass and the 

liquid is sufficient to overcome, to a certain extent, not only 
the cohesion of the lutttx, but the force of gravitation, which 
tends to preserve the ordinary level. The smaller the tube, 
(provided its diameter be not too small for the liquid to 
nse into it,) the greater will be the height of the surface 
■ much UHd in Chmniitiy *■ i teit 
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irithin it; and the larger the tube, the more nearly wilt the 
surface within be upon the level of the surface without. In 
all instances, the sutface will be lower towards the centre of the 
tnbe, so aa to be concave. This is eauly understood, when it is 
remembered that the attraction of the glass for the liquid will 
only operate upon the particles that are near the surface where 
they touch; and, therefore, that the more distant the centre 
of the tube from the circumference, the leas attraction will be 
ezerciBed upon the central part of the column of liquid. The 
operation of this principle is very beauti- 
fully Bhown by a simple experiment. If 
we take two pieces of flat glass of the 
same size, and fix them in such a manner 
that they shall be in contact along one 
side, but shall be a little separated on the 
_ other, — when they are placed with the 
■ lower «de in coloured water, the liquid 
*'"'■ "■ rises up between them, and ascends 

higher in proportion as the glasses are nearer together, forming 
a regular curve, which ia known to mathematicians as the 
Ayperbola. 

27. This tendency of liquids to ascend througb'tubes or spaces 
of narrow dimensions, is extremely important in many of our 
ordinary processes, as well as in the economy of nature. Thus, 
it is by means of the capillary action of the s(h1, that water is 
imbibed by it, and is carried to the roots of plants. Tlie aboorp- 
tion of water by a piece of sponge, or by the towel with which 
we dry ourselves, takes place on the same principle. Where 
the fluid, which is drawn up by capillary tubes, is removed as 
fiut as it is raised, a continual movement will be the result. Thus, 
a washerwoman who leaves an apron-string hanging down from 
one side of her tub at night, would probably find in the morning 
that a great part of the vrater had been drained by it upon the 
floor ; for as the string becomes charged with liquid, its lower 
end will let it drop, and a continual withdrawal and fresh supply 
will take place, until the level of the fluid in the tub is much 
below that of the end of the string, in which case the flnid will bo 
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dnwii, hy ibe force of grayity, rather into the tub again, thaii 
down the part of the string that is hanging over. In like maa- 
ner, when we place a fresh cotton-wick in a lamp, the oil is 
speedily drawn up to its top, bnt it does not run over ; it then 
ceases to move, nntil the lighting of the lamp edansts the oil 
at the top of the wick, and this is continually supplied by fresh 
absorption below. The fibres of cotton maybe replaced by 
a bundle of small wires, which will answer the same purpose, so 
long as they are kept clean. The natural tubes of plants are 
well adapted to raise fluid by their capillary action ; this may 
be experimentally shown by dipping one end of a piece of the 
ordinary cane, into spirits of turpentine, which wiU rise to the 
other end, so that the yapour will take fire there. 

28. /The action of endosmose,* which takes place with such 
power through animal and vegetable membranes, and even 
through porous mineral substances, seems capable of being 
explained on the same principles. It is essential to its perform- 
ances, that the two fluids should haye a strong tendency to mix ; 
and that one of them should rise more readily through capillary 
tubes than the other. Thus, when syrup is put into a bag of 
animal membrane, and this is dipped in water, the latter passes 
more readily than the syrup through the pores of the membrane, 
and is thus carried to the inner side ; when it comes in contact 
with the sjrmp, it is drawn off by the attraction which that 
liquid has for it ; and as the portion thus drawn off is being 
continually supplied from the water on the outer side, by the 
capillary action of the membrane, a large quantity of water is 
thus introduced into the bladder and mingled with the syrup* 
There is a similar current, however, in the opposite direction, — 
the sjrrup being conveyed through the pores of the membrane, 
and being drawn off by admixture with the water on the outer 
side ; but this is weaker than the other, in proportion to the thick- 
ness of the syrop, which impedes its passage through the minute 
capillary tubes of the membrane. 

29. Another instance in which capillary action is made ser* 
viceable, is in filtration. When we desire to separate fluids 

* See Vbgetablx Physioloot, § 117. 
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from impuritiea which are diffugod through them, or to ohtain 
the finely-divided partidea of a aolid which may be suspended in 
fluids, we make use of a filter of some porous suhstance, through 
which the fluid ia caused to pass, leaving the eoHd particles 
behind. Ia ordinary filtration, the particles of the fluid, when 
transmitted to the uuder-surface of the filter, cohere together 
and form drops; over which the force of gravity baa then suffi- 
cient power to cause them to fall. The action is much asabted, 
however, hy any pressure which shall give the liquid an increased 
tendency to pass through the pores, which it may be otherwise 
fih»w in doing. This may] be often convemently accomplished 
by the force of gravity, as in the plan represented in the adjoining 
out. The tube a ic 
being filled with 
sand, and receiving 
water at the higher 
end a, discharges it 
filtered at e; and, 
as the pressure of 
the water on the 
side a b would have 
carried it up on the 
other ude, i c, to a 
height as great as 
thatof a, the press- 
ure of that part of 
the column in a & 
which is above the 
^■O' * level of c, is over- 

balanced, and is therefore employed in forrang the liquid down- 
wards through the filter. The filters used by druggists are now 
frequently constructed upon sucli a plan, that a high column of 
the liqnid is continually pressing downwards, so as to hasten its 
passage through the filter ; this is frequently of great iinportance ; 
for the substance from which the liquid has to be cleared has 
often a tendency to cloff the pores of the filter, and thus to 
«bstnict its passage ; and where the liquid easily evaporates (aa 
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is the case with the spirit of tinctures), the long exposure of its 
surface to the air occasions a considerahle loss. The filter may 
not only he used to separate fluids from solids, hut to separate 
fluids that mix imperfectly from one another. To do this, it is 
only necessary to wet the Alter in the first instance with the 
fluid we wish to draw off; that alone will he transmitted by it, 
the other remaining behind. In this manner^ spirits of turpentine 
and water may be parted from each other. 

30. The force which is capable of being produced by capil* 
lary attraction is much greater than would be generally supposed. 
It may be estimated by the opposition which it is capable of 
overcoming. Thus, a vessel of wire-gauze will hold a certain 
depth of water, if the meshes are suf&ciently small; for each 
mesh will keep a drop of the fluid adhering to it by capillary 
attraction, so long as the weight of fche water above is not suffi- 
cient to overcome this adhesion. For the same reason, a vessel 
of this kind will float in water, so long as it is not made to 
descend below a certain depth, depending on the size of the 
mesh. When endosmose takes place under the most favouiable 
circumstances, it will raise a column of mercury to two or three 
times the height at which it stands in the barometer, and may 
thus sustain a weight of from 30 to 45 lbs. upon every square 
inch of surface. If a dry plug of wood be tightly fitted into 
one end of a stout tube of glass or porcelain, and a projecting 
portion be allowed to dip into water, the wood will swell with 
such force, by the entrance of the fluids into its pores, as to burst 
the tube, though it may be capable of resisting a pressure of 
more than 700 lbs. on the square inch. It is the same power 
which causes the stones of walls to be loosened by the growth 
of creeping plants, such as ivy ; for the delicate fibrils of their 
roots being inserted into minute chinks between the stones, 
gradually become distended by capillary action, so as to separate 
these from their attachments. This power is turned to useful 
account in some parts of France and Germany, for separating 
large masses of stone from the solid rock, when this cleaves 
readily in particular directions. Holes are bored in its substance, 
into which wedges of dry wood are tightly driven ; .and whea 
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these are exposed to moisture, they swell by capillary action 
with such force as to split the solid mass. The same plan is 
used for dividing a long piece thus obtained into shorter pieces, 
which are to be used as mill-stones. 

31. A different set of phenomena occur when the liquid and 
solid have little or no attraction for each other, or when the force 
of adhesion is inferior to that of cohesion, A glass tube of small 
bore, when dipped into mercury, will not raise its level in the least 
degree, but will depress the column within it ; and this in pro- 
portion to the smallness of the tube. The surface of the mercury, 
instead of being concave (or hollow), is convex (or bulging) ; that 
part nearest the side of the tube being lower than that in the 
centre. This is well seen in a barometer, especially if its tube be 
small. In a tube of 1-lOth of an inch in diameter, the mercury 
is kept down as much as l-7th of an inch. It is consequently 
necessary, in calculating the height of mountains, from the 
place at which the mercury stands in the barometer*, to make a 
correction for this depression, by adding to the observed height 
a small amount which shall express the influence of the glass in 
lowering its surface. This want of adhesion between the mer- 
cury and the glass produces another result, which may in time 
greatly injure the action of the barometer. The perfection of 
this action requires that the space between the mercury and the 
top of the tube should be completely void of air ; but, owing^ 
to the want of complete contact between the glass of the tube 
and the mercury contained in it, and surrounding its lower 
end, the air gradually steals in, dipping down below the end 
of the tube, and slowly rising up through the column. This 
is prevented, in the best barometers, by welding a ring of 
platinum to the bottom of the tube; for, as mercury wets- 
platinum, no air can pass between them. The effect of plunging 
into water a capillary tube, whose interior surface has bien 
covered with a thin coat of oil, so that the water will not wet 
it, is exactly the same as that of plunging a glass tube into 
mercury ; the fluid being depressed in the former case, as in the 
latter* 

* See Treatise on Pkeumatics. 
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32. Hitherto the e£fects of heterogeneous attraction have been 
considered only in reference to its most common form, — the 
action of solids and liquids on each other. But they are by no 
means confined to this. Solids- may have a considerable attrao* 
tion for each other ; but this is best seen when one of them has 
been changed [from the fluid state, whilst in contact with the 
other, so that the two surfaces are exactly adapted to each other. 
Upon this principle depends the action of cements of all kinds, 
— ^mortar for stones, glue for wood, resinous and other substances 
for glass. It is in part through the same adhesion, that solid 
surfaces cannot be slid over one another without a certain amount 
of resistance, even when the surfaces are yery smooth. Other 
things being equal, however, it is generally found that the loss 
of force by this rubbing, or fricHan, is less when the two sur- 
faces are composed of different substances, than when they are 
of the same ; thus the resistance of iron moving upon iron is 
nearly double that of iron moving upon copper. However inju* 
rious this friction may become in the operation of machinery, it 
is of "great importance in our ordinary actions ; of this we 
shall become well aware, if we compare the ease with which we 
walk on a stone pavement, on which we can plant our feet firmly, 
with the difficulty we have in walking across ice, on which, from 
the absence of friction, our feet are continually slipping. If it 
were not for friction, too, we should slide from our chairs, when 
our bodies slope in any direction ; and the pens with which we 
write would slip through our fingers. When both surfaces 
are made very even, the friction is very much increased, so 
that it is difficult to slide one over the other. This is parti- 
cularly the case with two surfaces of the same kind, such as 
plate-glass. After the plates have received their final polish, it 
is usual to place them in an upright position in the warehouse, 
like books in the shelves of a library. In this position they not 
unfrequently acquire, in the course of time, an adhesion which 
renders it very difficult and sometimes impossible to separate 
them. Instances have been recorded, in which three or four 
pieces were thus absolutely incorporated with each other, so that 
they might be treated in all respects as one piece, and even cut 
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with the diamond as one, adhering almost as perfectly as if they 
had been melted. When an exceedingly great mechanical 
force was applied in the proper direction, they were caused to 
slip one on another; and when at last they came asunder, it 
was found that they had not separated at their common sur- 
faces, but that the thickness of the glass had yielded, so that 
the surface of one carried off with it a thin layer of another. 
In this and similar cases, such as the fixture of a ground-glass 
stopper in the neck of a bottle, the particles of the two sur- 
faces are brought so close together, as to cohere instead of simply 
adhering, 

33. Solid bodies not unfi^quently exercise the same kind of 
attraction over gaseous particles, as over those of a solid or liquid 
substance. This is shown by the floating on water of bodies which 
are really heayier than itself, but which are buoyed up by a 
layer of air that adheres to them. Thus with a little care we 
may lay a fine sewing-needle on the surface of water, in such a 
manner that it shall not sink ; but if the needle be too thick, its 
weight will bear a larger proportion to the quantity of air that 
surrounds it, so that it cannot be made to float. It seems that 
iron surfaces have a peculiar adhesion to air, as the following 
experiment shows. If we take some iron filings, and sift them 
upon the surface of water in a tall glass jar, they will float upon 
the top, until a stratum (or layer) of considerable thickness has 
thus been laid upon the water. At length this stratum will 
break up into masses which will sink ; and it will then be seen 
that they had been previously buoyed up by the adhesion of 
particles of air, which their accumulated weight will even carry 
to the bottom with them. If we sift powdered magnesia upon 
•water in the same manner, its particles will sink almost imme- 
diately ; for as they do not possess the same property of causing 
air to adhere to them, they become wetted by the close contact 
of the liquid ; and being heavier than water, there is nothing 
whatever to buoy them up. There is a considerable adhesion, 
also, between glass and air, which is shown in the making of 
barometers. If we fill a clean glass tube with mercury, we shall 
find a quantity of small glass bubbles adhering pertinaciously 
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to its sides ; many of these may be swept away, by causing a 
large bubble to pass several times from top to bottom by inclin- 
ing the tube towards each end alternately; but it will still 
remain coated throughout with a film, which can only be removed 
by boiling the mercury in it. Even this, however, does not 
produce that close contact between the mercury and the glass, 
which is necessary for the complete exclusion of the air; since, 
as already stated (§31), the air will creep in, if not prevented 
by giving to the glass tube a termination' of platinum, which is 
wetted by the mercury. 

34. This attraction of solid bodies for gases producer several 
important results in the economy of Nature. There are many 
insects, which, although they breathe air, are inhabitants of the 
water ; and they are enabled to surround themselves with a film 
of air, by its adhesion to their hairy bodies, which they can 
carry down with them for use at a considerable distance beneath 
the surface. In the same manner, the diving spider* carries 
down successive quantities, by which it gradually fills its delicate 
little bell with a quantity sufficient for its supply during the 
whole winter ; the amount of adherent air is so considerable, 
that the spider cannot descend by its own weight, but is obliged 
to creep, with considerable muscular exertion, down any stems 
or leaves that may conduct it from the surface of the water to 
its destination. There is another most important practical result, 
that arises from the attraction exercised over gases by many 
porous substances, which will absorb and retain quantities of 
gaseous matter equal to many times their own bulk. Thus 
newly-burned charcoal will absorb 90 times its bulk of ammonia 
(the pungent gas contained in spirits of hartshorn), and 35 times 
its biilk of carbonic acid (the foul air of wells, caverns, &c., also 
produced by the breathing of animals, the burning of charcoal, . 
&c.). It will also take in watery vapour ; the weight of the 
charcoal being in some cases increased nearly one-fifth by a 
week's exposure to air. Other porous substances possess the 
same property, though usually in a less degree ; and it is by the 
exercise of this attraction by our soil, for the ammonia and car-' 

* See Treatise on Zcolooy. 
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bonic acid of the atmosphere, that a large proportion of the 
nourishment obtained hy plants is derived*. So large a quan- 
tity of common air is sometimes condensed by powdered charcoal, 
that a great amount of heat is given out by it, according to 
principles which will be explained in the treatise on Heat ; and 
ia one iostance which has come under the author'^s knowledge, a 
cask. of animal charcoal in powder had actually become red-hot 
in the interior, from no other cause. 

35. Various animal and>egetable substances have a con- 
siderable power of attracting watery vapour; and of readily 
yielding it again. The changes in their size and form which 
are produced by such alterations, make them present tolerably 
good indications of the amount of dampness in the atmosphere. 
Thus every lady knows that it is more difficult to keep her hair 
in curl in damp weather than in dry. The catgut strings of a 
harp shorten withi damp, and will not unfrequently break if they 
be not slackened. Yarious instruments have been devised for 
measuring the quantity of dampness in the air on this principle. 

Thus, a piece 
of sponge (pre- 
pared by steep- 
ing it in pearl- 
ash and water) 
will change its 
weight by the 
absorption or 
the loss of wa- 
ter, according 

to the dampness 
or the dryness 
of the atmo- 
sphere; and if 
it be suspended from a balance, the alterations in its weight may 
be indicated by a scale to which the arm of the balance is made 
to point. Another instrument, for a long time the most accurate 
in use, was constructed to measure the alterations in length 

* See Treatise on Yxgetable Phy8iologY| Chapter yi. 
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prodaced by the dryness and dampness of the atmosphere^ in a 
hnman hair* The hahr (prepared in the same manner as the 

sponge) is held at each end by a pair of 
small nippers, of which the lower one is 
I attached to the frame of the instrument, 
whilst the npper one hangs from a thread or 
fine wire that winds round the axis on which 
the index is placed. The hair is kept on the 
stretch by means of a small weight suspended 
from the axis in the contrary direction. 
When the atmosphere is dry, the hair has a 
tendency to twist and contract itself in length, 
so that the axis is turned round by its strain ; 
and when the air is damp, the hair lengthens, 
so that the index is turned in a contrary 
direction by the weight, as far as it is per- 
The index moves over a scale, on 
are marked the points of extreme 
dryness and dampness; which are ascer- 
tained by placing the instrument first in air 
rendered as dry as possible, and then in air loaded with mois- 
ture. The indications given by such an instrument (which is 
termed a Hygrometer or measurer of moisture) are much less 
correct, however, than those of an instrument invented by 
Professor Daniell, which enables us to ascertain the exact amount 
of moisture contained in the air,* 

36. Liquids, also, have an attraction for gases; and this^is 
shown every time that we pour water from one vessel to another. 
Large quantities of air, strongly attached to the surface, are 
carried down by the falling mass below the surface of the liquid 
in the lower vessel ; but as they become elastic from the addi- 
tional compression they undergo, they detach themselves from the 
particles of water to which they adhered, and rise again in a stream 
of bubbles. This process takes place on a large scale in natural 
falls of water ; the foam and dashing spray of which are produced 

* This will be described in the Treatise on Heat ; as a knowledge of the laws of 
that agent is necessary to the comprehension of its action. 
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by the escape of the air, rebonnding from a considerable depth 
to 'which it has been carried by the downward impulse, and in 
its turn carrying with it a quantity of watery particles. There 
are waterfalls at which advantage has been taken of this perpetual 
supply, by receiving the air, whilst in a state of compression, 
into vessels, from which it is conveyed to blast-fumaoes for the 
smelting of metals. Were it not for this tendency of water to 
absorb air, no living being could continue to exist below its sur- 
&Ge ; for both aquatic plants and animals derive the air which 
(like plants and animals living on land) they perpetually require, 
from that contained in the liquid medium they inhabit. Thus 
gold-fish, kept in a small quantity of water, gradually exhaust it, 
by the action of their giUs, of the air which it contains ; and 
unless they receive a fresh supply in some way or other, they 
die. Where they are living in a pond which is continually 
exposing a large surface to the air, and the water of which, 
therefore, is continually absorbing a fresh supply, no further 
attention on this point is required. But when they are confined 
in a glass globe, suoh as is commonly employed for the purpose, 
it is necessary that the water should be frequently changed. 
The form of these vessels is the worst possible ; since, the more 
nearly they are filled with water, the smaller is the surface it 
presents to the air ; and the less, therefore, is the renewal of the 
air, as it is exhausted by the fish, through absorption from the 
atmosphere. 

37. We may easily prove the presence of air in ordinary 
water, by placing some of the latter in a glass vessel under the 
receiver of the air-pump. As soon as the pressure is partly 
removed from the surface of the liquid, we shall see a large 
quantity of minute bubbles in the water ; the greater part of 
these are attracted to the surface of the glass, to which they 
adhere; but in proportion as the precibure is removed, they 
increase in size, and at last rise to the surface and make their 
escape. If we apply the same means, however^ to water which 
has been recently boiled, we shall obtain no disengagement of 
air-bubbles ; but if we allow the same water to remain exposed 
to* the air for a few hours, we shall find that it will contain 
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nearly as much air as if none had heen expelled from it hy the 
boiling. The process by which the air is driven off by heat is 
still more easily watched, but we cannot always readily dis- 
tinguish between bubbles of air and of steam. If we place a 
glass vessel, containing spring water, over a lamp, we shall very 
soon see a number of minute bubbles, at first adhering to its 
sides and bottoms, and then rising to the surface ; these are 
formed by the air which the water contained, and which is made 
to show itself thus, not by the removal of pressure from the 
surface of the water (as in the last case), but by the increase of 
its own elasticity. But as the water becomes hotter, other 
bubbles are formed, which consist of watery vapour ; and by 
the time it is brought to the boiling point all the air is expelled. 
It is to the loss of the air which it contains, that the flatness of 
water that has been recently boiled is due. 

38. Water is capable of dissolving^much larger quantities of 
many gases, than it can of common air. Thus, it may be made 
to take up many times its own bulk of carbonic acid gas, pro- 
vided a sufficient pressure be kept upon its surface. This is the 
case with brisk, fermented liquors, which have been bottled 
before the process of fermentation (by which this gas is given 
off in large quantities) is complete ; the gas afterwards pro- 
duced remains dissolved through the liquid, until the pressure is 
taken off by the opening of the bottle, when it comes forth with 
effervescence, as in the case of champagne, porter, cider, &c^ 
In bottled soda-water, the carbonic acid is forced into the water 
by great pressure, and escapes in the same manner when thai 
pressure is removed ; but in the common effervescing draughts, 
the gas is given off at the time of the mixture of the acid and 
the soda, by the action of one upon the other. By heating any 
of these fluids, the whole carbonic acid they contain is set free ; 
and it is thus shown that the attraction .of the carbonic acid for 
the water is readily overcome. 

39. But there are other gases for which water has a much 
greater attraction, — taking them up with great eagerness, and 
not easily parting with them. This is the case with ammonia, 
and with muriatic acid gas. That these naturally exist in the 
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state of gas or vapour, we may satisfy ourselves by a simple 
experiment. If we hold the open mouth of a bottle containing 
hartshorn near another containing spirit of salt, we shall see the 
air between them filled with white fumes, which are produced 
by the action, of the vapour of one upon the vapour of the other, 
forming, in a very finely-divided state, the substance which is 
known as sal-ammoniac. Now hartshorn is little else than 
water which has been caused to absorb a large quantity of 
ammonia in the state of vapour; and spirit of salt is water 
which has been caused to take up muriatic acid gas (which 
is given off when we pour sulphuric acid— oil of vitriol— 
upon c6mmon table-salt) in the same manner* For a certain 
quantity of these gases, water has so strong an attraction, that 
when a tube or bottle filled with either of them is opened under 
water, the liquid will rush up the tube as if it were perfectly 
empty,* absorbing the gas as it ascends. From this quantity, 
no amount of heat, or withdrawal of pressure, can set it free ; 
but when the liquid has been caused to take up a large quantity 
of the gas, a part of this readily passes off, when pressure is 
withdrawn (by the removal of the stopper or cork), in the same 
manner as carbonic acid from soda-water. 

40. We have lastly to consider the heterogeneous attraction 
of the particles of gases and vapours for each other ; which 
gives rise to several curious and important results. Aeriform 
bodies are capable of mixing with each other with perfect 
fireedom ; since they have no cohesion nearly sufficient to resist 
the force of adhesion. They are all, consequently, able to diffuse 
themselves, without any limit or obstacle^ through each other'^s 
masses; and this in spite of the greatest differences in their 
weight. Thus, if we confine a portion of hydrogen (a gas 
wliich forms a large part of what we burn in gas-lights, lamps, 
candles, &c.) in a strong phial^ and a portion of oxygen (a gas 
which forms one-fifth of the atmosphere) in another, and connect 
the two by a narrow tube three or four feet long, placing the 
hydrogen-phial at the highest end, we shall find, in a short time, 
that a complete mixture will have taken place between the two^ 

* See Treatise on Pneumatics* 
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-—as shown by the explosive power which the gas in both phials 
will now have acquired, the hydrogen from mixture with the 
oxygen, and the oxygen from mixture with the hydrogen. In 
this case, the weights of equal bulks of the two gases are as 1 
to 16 ; and the oxygen, which is the heavier, is thus drawn by 
the attraction up to the very highest point in the upper vessel ; 
whilst the hydrogen, which is only one-sixteenth part of its 
weight, descends to the bottom of the lower phial : when pro- 
perly considered, this change of place is as striking as if it took 
place with two liquids, having the densities of water and mer- 
cury. It is to this tendency in the particles of gases to mutual 
adhesion, that the equal admixture of those composing atmo- 
spheric air, is due. It has been found by experiment that there 
is no marked difference in the proportions of oxygen and nitro- 
gen, in air taken from the most different situations, such as the 
tops of high mountains, the heart of the most crowded cities, 
the surface of the ocean within the polar circle and at the equator; 
yet there is about as much difference in their respective weights 
as there is between oil and water. Again, the tendency of the 
atmosphere to dissolve watery vapour is another instance of the 
same attraction ; it is never free from moisture, and sometimes 
it is completely loaded with it. 

41. The tendency of gases to mingle shows itself not only 
when they are left quite free to do so, but also when a porous 
partition exists between them. Thus, if we confine a portion of 
common air in a membranous bag, such as that formed by the 
stomach of a rabbit or other small animal, and suspend this in a 
vessel filled with carbonic acid gas, the latter will penetrate the 
bag, and will at last burst it. Here an endosmose and exosmose 
occur, as in the case of liquids ; but the tendency of the carbonic 
acid to pass in is greater than that of the air to pass out, so that 
an increase in the contents of the bag necessarily takes place. 
By the slow action of the same forces, hydrogen gas, confined in 
a bell-jar which has a crack in its ade, gradually makes its 
escape, and is replaced by a certain quantity of air. If a portion 
of common air be confined in a jar, by tying tightly over it a 
piece of sheet India-rubber, and this be placed in a larger jar 



MUTUAL DIFFUSION OF OASES. 35 

filled with hydrogen, the latter gas will pass through the India- 
rubber partition faster than the air passes from the other side ; 
and thus the partition will be made to bulge out, and will at 
last burst. The amount of each gas that will tend thus to diffuse 
itself through any other, has been determined by a very simple 
experiment. If a tube, closed at one end by a plug of dry 
plaster-of-Paris, about half an inch long, be filled with any gas 
lighter than air, and be placed over water, there will be a gradual 
interchange between the outer air and the contained gas, through 
the porous plug. The quantity of air which enters will be less 
than that of the gas which passes out ; and the water into which 
the tube dips at its lower end will consequently rise in it. Wlien 
the tube is filled with hydrogen gas, the rise of the water is 
very rapid ; and it will fill, at last, a large proportion of the tube. 
Now it has been ascertained that the quantity of air which will 
replace any particular gas, is in the opposite or inverse propor- 
tion to the square-root of the density of that gas, as compared 
with air. Thus common air is nearly 16 times heavier than 
hydrogen ; and the square-root of 16 being 4, the quantity of air 
which will replace any given amount of hydrogen is inversely as 
nearly 4 to 1, or in ordinary language as 1 to nearly 4, — that is, 
somethinor more than one-fourth. The remainder of the tube — 
nearly three-fourths of its length — ^becomes filled with water, 
which is drawn up to fill the vacuum or empty space thus left. 
I^ on the other hand, the tube be filled with a gas heavier than 
air, the latter will enter more quickly than the former will pass out; 
and the water will be pushed down instead of being drawn up*. 
42. Not only does this force of heterogeneous attraction tend 
to bring together particles of bodies which were previously in a 
separate state, but it may, when very powerful, remove them 
firom the influence of a similar force which had caused them to 
adhere less powerfully to other substances. Thus between water 

* Then is not the same regularity of result when animal memhraues are em- 
plojed instead of plaster-of-Paris ; thus carhonic acid will pass towards common airy 
or even coal-gas (which is much lighter), and will distend a bladder filled with it, 
efven to bursting ; although according th the rule just given, the air or coal-gas, 
being much the lighter, should pass towards the denser carbonic acid, as in the 
endMmose of fluids. 
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and spirit-of-wine there is considerable attraction ; the two liquids 
may be mixed in any proportions, and they cannot easily be 
separated. Between spirit and resin of any kind, again, there 
is a strong attraction, so that the latter is dissolved in the former. 
But between resin and water there is very little attraction ; the 
solid may have its surface just wetted with the liquid ; but it 
cannot be dissolved in it in the least degree* Now if we add 
water to a solution of resin in spirit, the tendency of the spirit 
to adhere to the water, will be sufficiently strong to detach it 
from the resin, which was previously diffused through it by its 
attractive force ; and the resin is thrown down or precipitated in 
the solid form* In the same manner, if we shake well-burned 
charcoal in water veith which the gas named sulphuretted hydro* 
gen (that which is principally concerned in giving the foetid 
smell to rotten eggs, cess-pools, &c.,) is united, the charcoal will 
completely absorb the gas, detaching it from the liquid, and will 
deprive the latter of the very disagreeable qualities it previously 
possessed^ In this manner, water which has in any way become 
foul may be completely purified ; those of its impurities which 
cannot be removed by ordinary filtering, being completely with- 
drawn by charcoal. 

43« It is often necessary to separate bodies which are more or 
less closely united by heterogeneous adhesion ; and various plans 
are adopted, according to the nature of the substances. Thus 
if it were desired to purify water which is rendered turbid by 
finely-divided particles of earth, chalk, &c. tuspended in it» these 
may be removed by simply filtering it through a solid substance 
whose pores are too small to allow these particles to pass. Or 
if it were desired to collect any substance precipitated from a. 
solution (as the resin from the spirit, in the case just mentioned) 
the filter is here again employed, — the solid matter remaining 
upon it being here the product we seek, and not, as in the filtering, 
of impure water, the liquid which has passed through. Another 
mode is very often employed to clear a fluid from minute particles 
that injure its transparency. This is to shake it up with some 
viscid substance that shall attach these particles, and remove 
them from the liquid* The white*of eggs is much used for this 
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purpose, in clarifying wine, syrup, coffee, melted jelly, &c. ; and 
in the old process of sugar-refining, bullocks' blood was employed 
in large quantity. But no filtering, or other such process, could 
separate a liquid and a solid substance dissolved in it, as water 
and salt ; and here we call in the aid of heat, which causes the 
particles that were previously adherent to repel one another. 
Thus, we might separate salt and water by applying heat to the 
solution, which would drive off the water in the state of vapour, 
leaving the salt behind. This process is termed evaporation; 
and it will of course take place the faster, in proportion to the 
heat applied. If we desire to collect and preserve the liquid, the 
vapour is conducted into a vessel to which cold is applied, and 
is there condensed, or brought back to the liquid form. This 
process is called distillation ; and it is practised on a very large 
scale in the separation of alcohol (spirit-of-wine) from water. 
The alcohol is caused to pass off in vapour, by the application of 
heat, much more readily than water, its boiling point being low ; 
and the latter, therefore^ remains behind until nearly all the 
spirit has been driven off. The same process is applied in con- 
centrating sulphuric acid (oil-of-vitriol), which, as first made, 
contains a large quantity of water; but in this instance the 
water is the most readily evaporated, and the strong sulphuric 
acid remains behind. 

f 

Divisibility of Matter, 
44* There appears no limit to the degree of minuteness to 
which various forms of matter may be subdivided* Various in-* 
teresting examples of this kind are presented to us by Nature^ 
being revealed for the most part by the aid of the microscope ; 
and others are furnished by#Art. The former class will be first 
considered. — We not unfrequently speak of things as being " as 
fine as a hair." Now the human hair varies in thickness from 
the l-250th to the l-600th part of an inch ; and it is a massive 
cable in comparison with the fibres produced by other animals. 
The thread of the silk- worm is many times finer, being from the 
l-1700th to the l-2000th of an inch. This, however, is nothing 
to the slendemess of the spider^s thread, which has been found 
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in some inatuiceB to be do more than l-30,000th of an incli ia 
diameter. It is difficult even to imagine quantities bo small; 
and the best way to realize them to the mind is to consider that 
30,000 such threads hai side by side would make a riband only 
one inch broad. But this is by no means the entire wonder 
of the spider's thread. Each of 
these slender cords is composed of 
four or six twisted together ; and 
every one of these is formed by 
the pressing out of a viscid fluid 
through a sort of teat or spinneret 
at the hinder part of the animal, 
the point of which, instead of 
having a single orifice, is perfor 
rated by not less than 1000 very 
minute apertures. The thread of 
each spinneret mast be formed, 
therefore, by the union of not less 
than 1000 fibrils ; and four or six 
of these threads go to form the 
is^dir, cord of l-30,000th of an inch in 

diameter, of which the spider's web is oonstructed. It has 
been calculated that two drachms (120 grains) of such thread 
would reach from Edinburgh to London. The fibres yielded by 
the vegetable kingdom are not so fine as these ; yet their minute- 
ness is most astonishing. Every fibre of flax ia [composed of 
a bundle of other fibrils, which have been found to be about 
I-2500th of an inch in diameter. Similar fibres, obtained from 
the pine-apple plant, have been ascertained to be no more than 
l-50OOth or even l-7000th of an inch in diameter ; these when 
twisted into threads, and woven, are sud to form cloth of very 
beautiful silky texture. The glistening spiral fibrils which are 
drawn out when the leaf-stalk of a geranium or a strawberry 
is snapped by drawing the ends apart, ar? not more than 
l-12,000th of an inch in diameter. 

45. Not only fibres, however, but rounded particles of 
extreme minuteness, are distinguishable by the mioioscope, in 
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the strnciures of animals and plants. Thus the red blood of the 
higher animals derives its colour from the presence of multitudes 
of flattened discs (resembling pieces of money in shape), which 
float in the fluid. These discs are round in the blood of quad- 
rupeds ; but are oval in that of birds, reptiles and flshes. They 
are largest in the blood of certain species of the frog tribe, in 
whidi their length is as much as 1 -337th of an inch. In the 
common frog, however, it is no more than about 1-lOOOth of an 
inch. In man, their diameter varies from I-3000th to l-4000th 
of an inch ; and it may be estimated that, in such a drop of blood 
as would hang from the point of a needle, there would be a million 
of such particles. In the musWrdeer, their diameter is not more 
than 1 -12,000th of an inch ; these are the smallest blood-particles 
at present known. 

46. Yet there are animalcules possessing a complex internal 
structure, having the poWer of imbibing and digesting food, of 
moving with great rapidity, and (as it would seem from their 
actions), of enjoying life during the brief span allotted to them^ 
which are far smaller than the minutest particles of blood. The 
minutest kind of these are termed Monads ; they present the 
appearance of little points^ of jelly, in active movement; and no 
distinct structure can be traced in them. When they are put 
mto water, however, in which a little indigo or carmine has been 
rubbed, coloured spots are soon distinguishable in their bodies, 
arising from the filling of interior cavities with the minutest 
particles of the colouring substance. Now the whole monad is 
from l-18,000th to l-24,000th of an inch in diameter. In the 
smaller ones as many as four, and in the larger ones as many as 
six, of these spots could be seen, not occupying above half the 
diameter of the animal ; the diameter of each spot, therefore^ 
could not be more than 1 -144,000th part of an inch. From the 
roundness of these spots there must be several particles in each ; 
if we only assume three, we obtain proof that there must be 
particles of the colouring substance diffused through the water of 
no more than l-432,000th part of an inch in diameter. Further, 
in the larger animals of similar structure, it is seen that the 
spots are separated by membraneous partitions of not greater 
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tluckiieaB than one-tweniieih of the diameter of the spot ; and 
this would make the thickness of the partitions no more than 
l-2,880,000th of an inch, in the monads of smaller siae. Again, 
in the larger species, the active moTements may he distinctly 
seen to be due to the Tibration of delicate hair-like filaments, 
termed alia; thongh these <nlia cannot be distingniahed in the 
smallest monads, yet, as the moTements are evidently the same, 
they must doubtless exist in them ; and they cannot have a 
greater diameter than l-450,000th of an indi. If the same cal- 
culations were extended to the young animals, or to species too 
small to be discerned, except under the most favourable dicum* 
stances, the minuteness of the particles of whose existence we 
should then have evidence would be found to be still more 
inconceivable. 

47. Again, there is found at BiHn in Grennany, a depomt of 
nlioeous (flinty) character, which occupies a surface of great 
extent (probably the site of an ancient lake,) and forms slaty 
layers of fourteen feet in thickness. This bed supplies the 
tripoli used by artisans in metal for polishing their work, and 
also the fine sand employed to form moulds for casting small 
articles in Berlin iron*. For these purposes its consumption in 
Berlin alone is not less than from 50 to 60 cwt. yearly. It is 
almost entirely composed of the sheaths or coverings of a kind 
of animalcule, which has the power of separating flinty matter 
from the water in which it dwells, and of producing out of this 
a sort of case analogous to the shell of a crab or lobster. The 
length of one of these is about the l-3500th of an inch ; and it is 
hence calculated, that about 23 mUlioni of them are contained 
in a cubic line of the sand, and 41,000 mUlion$ in a cubic inch* 
As a cubic inch weighs 220 grains, about 187 millions would be 
contained in a grain weight of this sand. 

48. The minuteness of these is yet surpassed by that of the 
animalcules of the iron-ochre, a yellowish-brown substance found 
in certain marshes. These are only about 1- L2,000th of an inch 
in diameter; so that a cubic line would thus contain 1000 

It is partlj on the fineness of this aand, that the beauty and finish of these 
articles depends. 
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mUliont of them, and a cubic inch nearly ttoo million millions. 
Yet these animalcules must have each had a fabric composed of 
a number of parts, whose size would be small in comparison to 
that of its whole body. There seems, therefore, no limit what* 
ever to the subdivision of material particles in the natural growth 
of animal bodies. 

49. The Vegetable world has not been found to afford any 
examples of such wonderful minuteness. There is one instance, 
however, which it may be well to mention, on account of its 
frequent occurrence. The common puff-ball fungus, when it 
bursts, sends out a kind of smoke, or very fine dust. This con- 
sists of particles of extreme minuteness, each of which is capable 
of producing a new plant; their diameter is about J -20,000th 
or l-dO,OOOth of an inch ; and we can thus readily comprehend 
what it is otherwise very difficult to understand, — the universal 
di£Fusion of the germs of the fungi, so that they are ready to 
spring up wherever there is a soil adapted to them, as we see in 
the case of the various kinds of mould, blight, &c.* 

50. The thickness of transparent films may be sometimes 
determined by the colours t they transmit. In this way, it has 
been ascertained that the wings of certain insects are not more 
than the l-100,000th of an inch in" thickness ; that is, a hundred 
thousand such wings laid on one another would form a pile not 
more than an inch in height. A thinness as excessive as this 
may be given to glass, by blowing it into bubbles (like those of 
soap and water), until they burst. In the same way it was 
determined by Newton, that the part of a soap-bubble in which 
colours are seen is less than 1 -25,000th of an inch thick ; and 
that, in the situation of the black spot which is seen just before 
the bubble bursts^ it is no more than the 4-millionth of an inch 
in thickness. There are various other modes of proving, by caU 
culation,^the extreme divisibility of the particles of matter in a fluid 
form ; and some of these give results surpassing any that have been 
mentioned. Thus, a grain of copper, being dissolved in nitric acid 
{aqua-fortis)^ will give a blue colour to the fluid ; and if this bo 

* See Vkgetablr Physiology, § 61 — 64. 
+ Sec Colours in Treatise on Optics. 
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mixed with three pints of water, the whole will be sensibly 
coloured. Now three pints contain 104 cubic inches ; and as a 
line of an inch in length may be divided into at least 100 parts 
distinguishable by the naked eye, a cube of an inch each way 
may be divided into a million such parts; hence, every millionth 
of a cubic inch of such a solution will contain no more than 
1-104 millumth of a grain of metallic copper. The presence of 
copper in it might be proved by chemical tests, which would 
separate it in the metallic state* In the same manner it may be 
calculated that, if a grain of gold be dissolved in a mi^d^ure of 
nitric and muriatic acids, and a piece of ivory or white satin be 
dipped in it, the film of metal with which this is covered (which 
may be brought back to the metallic state by placing the sub- 
stance in hydrogen gas), is no more than 1-10 milliantk part in 
thickness. Chemistry furnishes us with a great abundance of 
such examples. 

51. Even in ordinary mechanical processes, the divirion of 
certain metals, especially gold, silver, and platinum, is carried 
to an extent which we should by no means have guessed, but 
which may be positively determined by a little simple calculation* 
Thus, an ounce of gold would form a cube of something less 
than half an inch each way (5-12th8) ; so that, when placed on 
a table, it would cover less than a quarter of a square inch, and 
would stand not quite half an inch high. Now, by continual 
hammering, the gold-beater extends this cube until it covers a 
surface of 146 square feet, or 21,024 square inches* It is thus 
extended to more than 121,000 times its original surface ; and it 
will consequently be only 1-1 21 ,000th part of its original thick- 
ness, or about l-290,000th of an inch; Fifteen hundred such 
leaves placed upon one another would not equal in thickness a 
single leaf of ordinary writing-paper. — In the ordinary process 
of gilding, the gold is mixed up with quicksilver, forming a soft 
amalgam ; this is spread over the surface to be gilded ; and the 
mercury being then driven ofiF by heat, a very thin film of gold 
is left. Now, though it can be easily proved that this film is no 
more than 1 -233,000th of an inch in thickness, it forms a com- 
plete surface, in which there are no pores or deficiencies ; as is 
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Bhown by its power of protecting the brass^ silyer, &c. that it 
may cover, from the action of aqua-fortis poured upon it. 

52. In the] manu&cture of embroidery, it is- necessary to 
obtain very fine gilt silver threads. To accomplish this, a cylin- 
drical bar of silver, weighing 360 ounces, is covered with about 
2 ounces of gold. This gilt bar is then drawn into wire so fine, 
that 3400 feet of it weigh less than an ounce. The wire is then 
flattened bypassing it between rollers under a severe pressure; 
by which process its length is increased, so that about 4000 feet 
weigh an ounce. Hence, one foot will weigh 1 -4000th of an 
ounce. Now the original proportion of the gold to the silver 
was 2 parts to 360, or 1 to 180 ; so that the quantity of gold on 
a foot of the wire is only the l-180th of l-4000th of an ounce, 
or l-720,000th. Now if we divide this foot of wire into 12 parts 
of an inch long, and then again divide an inch into 100 equal 
parts, every one of which will be visible to the naked eye, we 
shall obtain particles on which a quantity of gold exists equal 
only to the l-1200th part of l-720,000th of an ounce, or 1-864 
millionth. But we might proceed even further ; for we might 
magnify one of these particles in a microscope 500 times each 
way, or 250,000 times in area ; so that we should be able to dia- 
tingnish clearly portions of its surface, each of which shall seem 
equal to the magnified particle, and yet be really no more thab 
l-250,000th part of it. Hence the quantity of gold (which is 
seen by the microscope to be uniformly distributed over the 
whole) covering such a portion of the surface, will weigh only 
l-250,000th part of 1-864 millionth of an ounce^ or 1-216 million^ 
millionth of an ounce, — an amount of which it is utterly impos*- 
sible to form a true conception. So completely does the film 
of gold upon the wire retain all its properties, that, if a small 
piece be cut off and placed in nitric acid, this fluid will dissolve 
the silver within the coating, by attacking its unprotected ends, 
and will leave the gold, forming a tube. 

Indestructibility of Matter. 
53. Few errors are more common, than the idea that there 
can be a waste or destruction of matter, or at least of some kinds 
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of it. Such an idea would seem to be abundantly confirmed by 
daily experience. We see the wood or the coal of our fires, the 
wax or tallow of our candles, the oil of our lamps, gradually 
burning away ; the materials seem entirely to vanish, and to 
leave little or no trace behind them. But they only change 
their form. In all cases of ordinary combustion, two elements, 
carbon ''^ and hydrogen— of which most of onr combustible 8ub<* 
stances are chiefly composed — unite with the oxygen of the 
atmosphere, and give off light and heat in their union ; and as 
the result of this union, it may be shown that water, and a gas 
termed carbonic acid, are produced. Precisely the same change 
is effected by the breathing of animals ; which process is a kind 
of slow combustion, serving to keep up the heat of the body« 
It is because carbonic acid gas (which is the gas that is often 
found at the bottom of wells and pits that have been closed for 
some time, and in brewers' vats) is a poison to animals, that 
the continuance of a number of persons in an ill-ventilated room 
makes its air unwholesome ; the injurious change being further 
aided by the combustion of lamps or candles. 

54. Both of the substances which are thus given off to the 
atmosphere are again taken from it by Plants ; and are by them 
made subservient to the purposes of the growth of Animals. 
Vegetables have a wonderful power of decomposing the carbonic 
acid of the air ; — that is, of separating it into its two elements^ 
of which they take the carbon, giving back the oxygen to the 
atmosphere. In this manner the carbon is again reduced to the 
-solid state ; and it may either enter into the formation of wood, 
or may become part of the wax and oil, &o. which many plants 
produce in abundance. By the combustion of wood, either in its 
ordinary state or that altered form which we know as coal, the 
oarbon is again given off to the atmosphere, again to be with* 
-drawn from it by the agency of another generation of plants ; 
and the same occurs with regard to vegetable oil and wax. But 
Vegetables also employ the carbon which they withdraw from the 
air, as one of the materials of the substances which they produce 

* Carbon is nearly the same with very pure charcoal. Hydrogen forms a coa- 
'ciderable part of coal-gas. 
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for the benefit of the Animal creation ; and these substances, 
taken in as food, partly enter into the construction of the solid 
firamework of their bodies, but chiefly serve as the fuel for the 
slow combustion, just now mentioned as adapted to keep up the 
temperature of the system. Thus, of the carbon which is taken 
from the atmosphere by plants, a large part is restored by the 
breathing -of animals, or by the uses to which man puts the 
materials he obtains from them ; and the remainder is given 
hack by the decay of the vegetable and animal fabrics not so em- 
ployed. This decay is but another change of the same kind with 
tliose already mentioned. There is no more absolute loss of 
material in this case than in the others* The elements of the 
substances which we observe to disappear by slow or rapid 
degrees, do but change their state by entering into new combina^ 
tions ; and they are separated from these in turn, that they may 
become the elements of new fabrics, which again restore them to 
the atmosphere by their own death. What has been said of the 
carbonic acid given off in combustion may be said of the water 
also ; for this unites with the vapour that rises from the surface 
of the sea, the lakes, and the rivers of our globe, to descend in 
fertilizing showers on the ground, that would otherwise be 
parched and arid ; and being taken up by the roots of plants, it 
supplies the elements which, combined with the carbon obtained 
by the atmosphere, make up the great bulk of the vegetable 
fiibric*. 

55* Thus we see that, in the most familiar of all cases, — in 
which the idea of the destruction of the substance most strongly 
occurs to our minds, — ^there is really no loss of material, but 
only an alteration of its condition ; and that this constantly* 
occurring alteration is a part of the grand scheme of Providence. 
For if there were not thus a constant renewal, — ^by the process 
of combustion, decay, and animal respiration, — of the carbonic 
acid in the air, it would be entirely withdrawn, in process of 
time, by the growth of plants, and vegetation must cease for 
^ant of a supply of materials. Or if, on the other hand, these 
processes were to continue to impart carbonic acid to the air, and 
there were no corresponding withdrawal of it by the growth of 
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plants, the atmosphere would in time become unfit for the main- 
tenance of the lives of animals.* 

56. There are many instances in which there is a gradual 
disappearance of solid material, by the wearing away of the 
{Surface of a mass ; and in which, therefore, it would seem as if 
there was an actual loss of substance. Thus, according to the 
old proverb, '' a continual dropping will wear away the hardest 
rock." There are many relics, preserved with religious venera- 
tion, which, although composed of hard stone, exhibit deep 
impressions produced by the kisses of the devotees, who have 
been anxious thus to signify their faith and love. Thus, the 
friction, even of the softest snbstances, leaves its mark upon the 
hardest, when the act is often repeated. That of hard substances 
upon each other operates much more rapidly ; and a wear of 
their surfaces takes place» especially if they are not rendered 
smooth by oil or grease interposed between them ; as in the case 
of a hard road, over which many carriages pass. The voear of our 
clothes into holes is another example of the gradual disappear- 
, ance of material, from the same cause. In all these instances, 
and many more, there is no Ioh of particles, but only a separO' 
turn of some of those on the surface from the rest ; thus, at 
every contact of another substance, some few are carried o£F; 
and the loss is the more rapid in proportion as the friction is 
greater. The particles thus separated form the greatest part of 
the dust which is continually floating about in the air, and is 
deposited on bodies at rest. 

* See, on the subject of this and the two preceding paragraphsi the Treatise 
on Tegetable Physiology, chapters yi. and viii. 
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CHAPTER II. 

PROPERTIES OF MATTER NOT UNIVERSAL. — ELASTICITY, DUCTI- 
LITY, MALLEABILITY. STRENGTH OF MATERIALS. 

57. The property by which certain forms of matter admit of 
being compressed, and return to their original condition after the 
compressing force is removed, has been hitherto described only as 
it is possessed by aeriform bodies (§ 8). These, indeed, are the 
only bodies in nature which are perfectly elastic^ — ^that is, which 
exert a force in returning to their previous state, equal to that 
which compressed or displaced them* This property is easily 
shown to exist in air or in other gases, by means of a tube bent 
at the bottom like the letter U, but having one of the legs 
greatly prolonged and open, whilst the short one is closed at the 
top. If mercury be poured into the long leg, it will not rise in the 
short leg to the same height; since there is a certain quantity of air 
in it which has no means of escape. If more and more mer- 
cury be poured into the long leg of the tube, its increasing weight 
will compress the air pent up in the short leg ; so that, if the 
column of mercury stand 30 inches higher on one side than on 
the other, the air will be compressed into half its previous dimen- 
sions. Now, if, under these circumstances, the tube be laid down 
sideways upon a horizontal table, the whole compressing force of 
the mercury will be taken off, since the column then rests entirely 
on the sides of the tube ; and it will be found that the air will 
then occupy precisely the same space within the tube, as it did 
when the quantity of mercury in the tube was such as to occupy 
only the bend of the U, and v^hen the height of the column was the 
same on each side, so that no pressure was being exerted by it 
on the air. By such a simple apparatus as this, the law of the 
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constant inyeiBe proportion between the bulk of elastic fluids^ 
and the amount of pressure on them, is determined. Fpr, not 
only may one of the legs of the tube be so much prolonged, as 
to admit a column of mercury of 2, 3, or even 4 times 30 inches 
in height, so as to add 2, 3, or 4 times the usual pressure, — but, 
by inverting the tube, the pressure may be diminished in the 
same proportion: and it will be found that the same law still holds 
good ; the space occupied by the gas increasing just as the pres- 
sure is diminished, and being diminished to exactly the same 
amount as before, as soon as the original pressure is restored. 
This is called the law of Marriotte, from the name of its discoverer. 

58* The elasticity of liquids can only be shown to exist, by 
their return to their original bulk after undergoing compression. 
This they do as perfectly as aeriform bodies; but, as already 
stated, the amount of compressibility is so small, that their 
elasticity is but little called into operation. 

59. Nearly all solid substances possess some degree of elas- 
ticity. There are none whose particles are altogether incapable 
of separation or displacement ; and, in general, when the dis- 
placement does not extend beyond a certain distance, each particle 
tends to return to the place it before occupied in the mass of 
which it forms a part, and with a force exactly proportional 
to the distance through which it has been displaced. So £ir, 
then, the elasticity is perfect, or nearly so. But if the dis- 
placement be carried beyond a certain distance, there is no ten- 
dency in the particles to regain their former positions ; and they 
remain passively in the new positions they have been made to 
take up ; or take up some other positions different from those 
which they had at first« It is in the KmU to the operation of 
elasticity that we find the greatest difference among yarious 
bodies* Thus, a ball of steel or of ivory shall be as elastic up 
to a certain point as a ball of India-rubber ; this may be proved 
by letting the three drop down upon a hard surface, from the 
same height, and then marking the heights to which they re* 
bound. But the particles of the steel or ivory could not be dis- 
placed from each other, as can those of the India-rubber, without 
a total separation ; and thus, whilst the elasticity of the latter 
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extends to almost any degree, tliat of the former is very limited« 
The elasticity of metals is most perfect when they are drawn out 
into wires ; and it may be shown in several modes. If a wire 
be tightly stretched between two fixed points, and it be then 
pulled ever so little aside from the straight line, it must undergo 
a certain increase in length, the amount of which can be calcu« 
lated from the angle to which the wire is drawn ; and if this is 
done by means of a scale-pan suspended from the middle of the 
vnre, in which known weights are placed, it may be shown that 
the strain exerted on the wire is exactly proportional to its in« 
crease in length. 

60. Another proof of the perfect elasticity of metal wires, up 
to a certain point, is to be found in the results of their torsion or 
twisting. Let a wire be suspended by a fixed point at its upper 
end, and carry at the bottom a light cross bar, the move* 
ment of which may be exactly observed by a circular scale* 
Now if the place of this bar, when it is hanging at perfect 
rest, be accurately noted, and it be then made to turn, by a 
force applied to it, in such a manner as to twist the wire & 
whole revolution or a portion of it, the elasticity of the wire 
will cause the bar to resume its former position, after it has 
oscillated forwards and backwards for some time. Moreover, if 
a certain force move the bar through a given angle, twice the 
force will cause it to move through twice the angle, — ^the torsion 
of the vnre being thus in direct proportion to the force applied, 
and the elasticity produced by that torsion having a tendency to 
untwist the wire to its original condition, as soon as the force is 
withdrawn. Indeed, it will at first cause it to twist in the 
opposite direction, just as a pendulum swings up on one side as 
far as it descended on the other ; and though it may be some 
time before the bar entirely settles itself, it will at last come to 
the line in which it originally pointed. 

61. This elasticity of torsion^ as it is termed, may be shown 
to exist, not only in wires of steel, or in thin rods of wood, but 
in those metals which seem most destitute of the property. 
Thus, if we take a leaden wire, l-15th of an inch in diameter, 
and 10 feet long, and fix one end of it firmly to the ceiling, 
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whilst the other carries the cross-wire or index, — ^when the latter 
has heen twisted round twice and let go, it will he ohserved i6 
make almost four revolutions in the contrary direction, two heing 
produced hy the untwisting of the wire, and two hy its twisting 
in the opposite way, in consequence of the continuance of the 
movement it had acquired. The index will then be observed to 
move round towards the side from which it commenced its revo- 
lutions, and will nearly attain the point from which it started ; 
and it will continue to make a series of oscillations, backwards 
and forwards, each less in amount than the last, until it finally 
comes to rest in the position it had before it was at first twisted* 
Thus the elasticity is equally perfect in this leaden wire, up to 
the point yet mentioned, as it could be in any case ; since in no 
instance can the oscillations continue long, on account of the 
resistance of the air. And, moreover, it would be found in a 
lead wire, as in any other, that the forces with which the cross- 
bar or index, when twisted through different angles, tends to 
return to its first position, are accurately proportional to the 
angles through which it has been moved. 

62. But if we twist the wure four times instead of two, it 
will not unwind itself completely ; for when the index has come 
to a state of rest, it will be found not to have returned to its first 
position, but to be short of that position by nearly two revolu- 
tions. Thus, then, the particles of the lead could be displaced 
to such an extent, as to allow a wire of this length and thickness 
to be twisted twice round, without the occurrence of any such 
change as should prevent their return to their original places. 
But the additional displacement, requisite to give the wire four 
turns, is more than its particles can bear ; and they remain, there- 
fore, permanently displaced, the wire having taken what is tedini« 
cally termed a set. Examined in this manner, there are probably 
very few bodies which will not manifest elasticity. Thus a thin 
cylinder of pipe-clay (which is generally considered as destitute 
of elasticity as almost any substance can be) shows the existence 
of an elasticity as perfect as can be found in the best tempered 
steeL It is in the limits of this elasticity that the chief difference 
lies ; for a steel wire similarly circumstanced might be twisted 
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A great many times, before its particles receive each a Mf as td 

prevent it from completely untwisting again. 

63. From the facility with which threads or wires may thus 

be twisted by slight forces, and the regularity of the proportion 
between the amount of force and the degree of 
torsion in each case, the change in the place of an 
index suspended by such a wire has been employed 
to measure degrees of force too minute to be esti* 
mated in ordinary ways; and particularly forces 
of attraction, — such as that of all bodies amongst 
each other (as in Cavendish's experiment, § 100), ot 
the peculiar attractions produced by electric or mag-* 
netic influences. The instrument constructed for 
this purpose is termed the torsion hcdanee > in its 
simplest form it consists merely of a stand having a 
clip at its top, for tightly holding the wire, and a 
circle below, divided like a dial-plate, for marking 
the oscillations of the needle or index suspended by 

Torsion Balance, ^.y^^ ^j^^^ j^ jg founci advantageous, howevef, to 

enclose the whole in a glass cylinder, that the oscillations may 
not be influenced by currents of air, or other such disturbing 
causes. 

64. It is remarkable that, even when the relative positions 
of the particles have been so much altered as to take a perma- 
nent set, the elasticity of the whole mass remains exactly the 
same as before. Thus, when a wire has been permanently 
lengthened by a great strain, it shows itself to be as perfectly 
elastic as before, by recovering from the effects of smaller degrees 
of extension. Suppose, for instance, that a Mnre of 3 feet in 
length, stretched tightly between two pins, requires a weight of 
1 lb. to be suspended from the middle of its length, to draw it a 
quarter of an inch out of the straight line ; and that, when this 
weight is removed, it returns completely to its former state and 
position ; — its elasticity is, therefore, so far, perfect. But let us 
further suppose, that a weight of 20 lbs. suspended from the 
same point, draws it so far out of the straight line as perma- 
nently to increase its length a quarter of an inch ; the wire wiQ 

i2 
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then remain slack when the weight is removed, since it has not 
the power of recovering its previous condition. Now, if the wire 
be again tightened to the same degree as before, it will be found 
that its elasticity remains precisely the same in this new set or 
position of its particles, as it was previously ; for that, by hang- 
ing a weight of 1 lb. from the middle of its length, it will be 
drawn a quarter of an inch out of the straight line, and will 
recover its state and position when the weight is removed. 
Experiments on the torsion of wires give just the same results. 
Thus it was found by Coulomb, that, after he had given a set 
to lead wire by twisting it /our times round (the limit of its 
elasticity being twicey § 62), the wire was as elastic in its new con- 
dition as before ; requiring the same force to give it a further 
twist, and recovering itself as completely when that force was 
withdrawn. 

65. Dtustilify, Now the making of a wire from a bar of 
metal, or, as it is termed, the drawing of wire, is nothing else 
than giving a new set to the particles composing the bar ; that 
is, they are thrown into new positions in regard to each other, 
but have the same relation towards the particles which now 
surround them, as they had for those in the neighbourhood of 
which they previously were. Different metals possess the 
property of submitting to this new arrangement without giving 
way — ^which is termed ductility — in different degrees. Gold is 
the most ductile, next silver and platinum, and then iron, cop- 
per, zinc, tin, and lead. Some remarkable instances have already 
been given (§ 52) of the extreme fineness of the metallic threads 
which human art can produce ; and it is unnecessary, therefore, 
now to do more than refer to them. This change of form pro- 
duces a very curious and unexpected result. Although the 
particles of the wire are really less close together after the opera- 
tion of drawing than they were before, yet they hold together 
more firmly ; so that the tenacity of the wire, or its power of 
sustaining a powerful strain without breaking, is greater. The 
increase in the distance of the particles from each other resulting 
from extension, is shown by the increased bulk of the wire, which 
is of course accompanied by diminished density \ and it is very 
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remarkaUe that in this condition it should have more tenaoitythan 
before. The cohesion of lead may thus be tripled in drawing ; 
and that of iron is increased in a degree so remarkable, as to 
make thin iron wire the most tenacious of all materials, — ^that is, 
the one which requires the greatest strain to tear it asunder, 
when its size is taken into account. Thus, a bar 1 inch square of 
the best east iron, may be extended by a weight of 9f tons per 
Square inch ; a bar of the same size, of the best ftrought iron, 
will sustain a weight of 30 tons ; a bundle of wires 1-lOth of an 
inch in diameter, of such a size as to have the same quantity of 
material (which, as the wires do not lie in perfectly close contact, 
must be more than an inch square) will sustain a weight of from 
36 to 43 tons ; and if the wire be drawn more finely, so as to have 
a diameter of only l-20th or l-30th of an inch, a bundle contain- 
ing the same quantity of material will sustain a weight of from 
60 to 90 tons. For the sake of comparison it may be mentioned 
that a mass of hemp fibres glued together will sustain a weight 
of 41 tons per square inch ; whilst copper wire will not sustain 
more than 27y tons, silver wire only 17 tons, gold wire only 14 
tons, and lead wire only l-*-^^ tons per sqiiare inch. 

QS, Hence cables made of fine iron wire twisted together will 
sustain a far greater weight than chains having the same weight; 
and they are now coming extensively into use. Many of the 
suspension-bridges on the Continent are constructed with wire 
ropes, and there is one at Fribourg, which is 700 feet between 
the points of support, being 100 feet wider than the Menai 
Bridge. The diminished weight of iron wire which is required 
to support an equal strain with the more massive chains, is, 
however, attended with certain disadvantages, so far as the con- 
struction of bridges is concerned. For in consequence of their 
lightness, wire bridges are much more liable to be thrown into 
vibration by winds, the passing of vehicles, and other causes ; 
and there is no doubt that the continuance of such vibrations has 
a tendency to diminish the tenacity of the iron (§ 22). It is 
probably from this circumstance that the bridge at Fribourg is 
becoming unsafe. Wire ropes are now much employed in this 
country in mines and coal •pits ; and there is one of 6| miles 



54 EFFECTS OF BTRAIKS.— -MALLEABILITY. 

in] length, in continual operation on the London and Blackwall 
Bail way, the trains on which are drawn by m^ans of a stationary 
engine. It is found, however, that after they have been in use 
for some time, they are liable to break, without the emplo3nnent 
of any extra force, although not perceptibly worn ; and this 
change is probably due to the same cause as that which acts 
upon solid bars of iron. 

67. There is a limit, however, to the tenacity of particles 
that have undergone a displacement ; not merely because a cer- 
tain force completely overcomes it, but because a far less force 
will produce such a permanent change in the internal structure 
of the material, that it is thenceforwards greatly weakened. 
Thus if a cannon be fired with a charge of powder, producing a 
strain above that which the elastic force of certain parts of its 
material can bear, a permanent alteration of its internal structure 
will take place, so that a second discharge will burst it. Yet 
the first force may have been not much more than a quarter of 
that which would have been necessary to burst the cannon at 
once. It has been stated that a cannon of large dimensions, so 
overstrained by an excessive charge, may be broken in pieces by 
a single blow from a sledge-hammer. On the same principle, a 
wire may be broken by frequently bending it backwards and for- 
wards. At each bending there is a change in the place of certain 
of the particles, which separate from each other ; and this sepa- 
ration is made to extend gradually across the wire, by repeatedly 
bending it. 

68. MaUeaMlity. — It is not alone by the extension of the 
material, as in wire-drawing, that the new set may be given to 
its particles, vdthout any diminution of their elasticity or tena- 
city ; for the same result may be produced by force applied in 
other ways. Thus, masses of metal may be pressed out between 
powerful rollers into bars, rods, or plates ; or they may be 
extended into thin leaves by means of the hammer ; or they may 
be made to assume, by the same means, that great variety of 
forms on which their utility to man so much depends. The 
property of receiving a new set by the blow of a hammer, or by 
impact^ as it is properly termed, is called malleability. As there 
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is a great difference in the ductility of different metals, so also 
there is in their malleability. In general, the most dactile metals 
are also the most malleable ; but there is a remarkable exception 
in the case of platinum and iron. Platinum and iron are more 
ductile than copper, zinc, tin, and lead ; but copper and tin are 
more fnalleable than platinum ; and even lead and zinc are more 
malleable than iron, — that is, they can be extended into thinner 
leaTes, without breaking. There are certain metals which are 
only malleable in particular states ; thus common zinc (which is 
flomewhat impure) is brittle at low temperatures, but acquires a 
considerable degree of malleability at a heat a little above that 
of boiling water^ and in this condition it is rolled into sheets, 
which are much used for yarious purposes ; yet if heated to 400^, 
it becomes so brittle that it may be reduced to powder in a 
mortar. In general, the malleability of metals is increased by 
heat ; and this is most the case with iron and platinum, which 
4ure highly malleable at a white heat, but are very little so 
when cold. 

69. The capability of receiving impressions from blows, which 
the malleable metals possess, is continually made use of in various 
processes of the arts and manufactures, besides those which have 
been already alluded to. Thus, the itamping of coins, and the 
embossing of figures on surfaces of various kinds, are accomplished 
in this mode. The impression is made by means of a die^ in 
which it is sunk; just as the raised impression which the wax is 
to present is sunk in the seal. The die, which is made of the 
hardest steel, is forced down upon the blank coin by means of a 
powerful screw ; and the metal of the coin, being comparatively 
soft, is driven with great force into the cavities of the die, takes 
there a set, and retains the impression. Yery similar to this, is 
the process by which thin plates of metal are made to take the 
projecting figures with which plated goods are ornamented. 
The die, in which is cut a hollow corresponding to the figure, is 
laid under the plate ; and a heavy weight, with a piece of lead 
at the bottom of it, is allowed to drop repeatedly upon the plate ; 
the force which it acquires in falling, drives the soft substance of 
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the lead, and with it the thin plate of metal, into the cavities of 
the die ; so that, after repeated hlows, the surfaces are brought 
into complete contact with each other, and a perfect impression 
is produced. 

70. The mode in which these dies are themselves produced 
is only a variation of the same process. Numerous copies of the 
same die are required; since, in order to coin with sufficient 
rapidity, several presses are at work ; and moreover the dies are 
continually breaking or cracking, and need to be replaced by 
others. The artist, who originally makes the figure which the 
coin is to bear, does not sink it, but carves the surface of a 
piece of soft steel into a projecting impression, exactly like that 
which is to be made on the surface of the coin. This steel block 
is then hardened (§ 73) ; and it is forced by a powerful press 
against another piece of steel which has been made as soft 
as possible ; in this manner a sunk impression is made on the 
latter, exactly corresponding to the projection which was borne 
by the block. The same impression may be made, without 
injuring the first block, on a considerable number of pieces of 
soft steel ; and when these are hardened, they become so many 
dies, from which coins may be struck. A very similar process 
is employed in repeating a small engraving over a large extent 
of surface ; which it is often very advantageous to do in calico-' 
printing, and also in producing highly-finished borders. The 
pattern is engraved on a piece of soft steel, which is then 
hardened ; and a roller of soft steel is then passed along this 
hardened plate, under an extremely heavy pressure. This pres- 
sure causes the comparatively soft metal of the roller to be 
pressed into all the lines of the engraving ; so that a perfect 
impression in relief (or projecting from the surface), is thus 
obtained from it. As in the case of dies, many such duplicates 
may thus be obtained from the first plate ; and every one of 
them may be made to produce a considerable surface of en- 
graving. For the steel roller being hardened, and being made to 
pass over another plate of soft steel, the latter is indented with 
all the lines and markings which the roller had received from ilie 
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first plate ; and as the roller may be made to turn not only once^ 
but any number of times, the impression may be repeated over 
as large a surface as may be desired. 

71. The facility with which impressions are thus communi* 
cated to metals greatly depends upon their being softened as 
much as possible, by the process which is termed annealing. 
This consists in heating the substance to a high temperature, 
and then allowing it to cool very gradually. On the other hand, 
if the substance, when so heated, be cooled rapidly, as by 
plunging it into cold water, it is rendered extremely hard, but 
at the same time very brittle. The difference is well seen in 
glass. When a glass vessel is first blown, it cools rapidly and 
irregularly ; and the varying hardness of its different parts gives 
to it such a degree of brittleness, that the slightest shock, or a 
small change of temperature, would break it. In order to prevent 
this, it is placed in a long furnace, of which the heat is very 
great at one end, whilst it gradually diminishes towards the other. 
Through this furnace it is slowly drawn, the time which it 
remains there being usually from two to four days ; and it is 
thus cooled so gradually and equably, that its particles can take 
the most uniform position with regard to each other, so as to be 
affected alike by any shock or change of temperature. An 
unannealed glass flask may be made strong enough to resist the 
blow of a pistol-bullet dropped into it ; yet the fall of a small 
angular substance that can give it the slightest scratch, Will 
make it burst into minute fragments ; and this may not occur 
until some minutes after the scratch. 

72. The same kind of effect is shown by the pieces of 'glas9 
which are known under the name of Prince Rupert's drops; 
these are made by dropping melted glass into water, which of 
coarse cools them suddenly ; and they have a long oval form, 
tapering to a point at one end. The large part or body is so 
bard that it will bear a smart stroke ; but if a small portion be 
broken off from the small end or tail, the whole immediately 
flies into minute particles with a loud snap. The exact expla- 
nation of this carious circumstance is not yet known ; but it 
appears due to the following cause. When the melted drop falls^ 
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into water, the outside is, of coarse, hardened first, and the 
inside is cooled more slowly. The outside, being first cooled, 
contracts upon the interior (§ 9), and thus binds its particles 
together in a condition unnatural to them. On the other hand, 
the particles of the interior, being more slowly cooled, retaia 
their elasticity, and are prepared to set themselves free, when 
anything impairs the firmness of the coating in which they are 
bound together. Many of these drops burst in the water, in the 
act of cooling ; the elastic force of the interior being sufficient to 
overcome the compression of the exterior. But in those which 
do not, a very slight disturbance of the outside coat, especially 
at the tail-end, is enough to give the superiority to the interior, 
80 as to occasion the sudden separation of its particles. It would 
seem as if the suddenness of this disturbance were an essential 
condition of its effect ; for the tail may be slowly ground away 
on a wheel, without the breaking of the drop. By careful 
annealing, a very high degree of elasticity may be given to glass; 
and it has lately been introduced as the material of the balance- 
springs of chronometers, for which it seems to have some advan- 
tages above steel. 

73. The effects of change of temperature, in varying the 
degree of hardness and elasticity, are most important in regard 
to steel ; since to this influence we owe the power of applying 
steel to so great a variety of useful purposes. The greatest 
hardness is given to steel, by heating it to a white heat, and 
then suddenly cooling it, by plunging it into mercury. Although 
water is commonly employed for this purpose, the hardness 
which the 'Steel receives from being plunged into it is not so 
great as it derives from being immersed in mercury ; probably 
because, owing to the less power which water possesses of con- 
ducting heat, the cooling of the steel is less rapid in it. In its 
state of greatest hardness, steel is scarcely fit for any purpose in 
the arts and manufactures ; since it is so brittle that its points 
or edges are broken by a very slight resistance. But by heating 
it to a lower temperature, and then gradually cooling it, this 
extreme hardness may be reduced, and a greater amount of 
elasticity substituted for it< Thus, if it were heated to a red 
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heat, and allowed to cool yeiy gradaally, it would be rendered 
soft again. If heated to a less degree, and cooled gradually, it 
would retain more of its hardness, and would be less elastic ; 
and various degrees of these properties may be communicated to 
it at will, by varying the degree of heat to which it is raised^ 
after having been completely hardened at first. 

74. This process is termed letting dovsn or tempering ; and the 
workman is guided in the efiects he vrishes to produce, by 
the changes of colour which the surface of the steel exhibits 
(if first brightened) at different temperatures. The first tint 
which it shows, when gradually heated, is a light straw colonr ; 
this deepens as the heat increases, and presents a shade of red ; 
the red increases, so that the colour first becomes orange, and then 
a reddish purple— a blue tint making its appearance ; the blue 
increases with the heat, and the colour changes first into a violet 
blue, next to a bright blue, then into a full blue, and lastly into 
a deep blue verging on black, after which the next change is 
into the glow of red heat. These colours guide the workman as 
to the point at which he shall stop for the purpose he designs. 
Thus the hardest steel is used for little else than the making of 
dies for coining ; and, as already explained, these are hardened 
s^ter the impression is made in them. The steel of the hardest 
files is but slightly let down. The first shade of yellow indicates 
that the second heating has been carried sufficiently far for lan- 
cets, and other small surgeons' instruments, in which the keenest 
possible edge is required ; the straw-colour is the guide to the 
tempering of razors and penknives ; the first red tint for scissors, 
shears, and chisels, in which greater tenacity is required ; the 
violet for table-knives, in which a certain amount of elasticity is 
more desirable than the hardness which would give a very fine 
but brittle edge ; the full blue for watch-springs and small fine 
saws; and the deeper blue for large saws and coach-springs. 
When heated beyond this point, steel is scarcely harder than iron, 
and it loses its elasticity ; this is well known to every one who 
has heated a piece of watch-spring, or the point of a penknife, in 
a lamp or candle. In many manufactories of steel instruments, 
the temper is given by immersing the articles in a bath of mer- 
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cury or oil, the heat of which is regulated by a thermometer. 
As it is known what degree of heat corresponds with each tint 
on the surface of steel, the operation can be performed with more 
certainty and convenience in this way, than by heating each 
article separately over a charcoal fire, as was formerly done ; for 
the workman has only to heat the bath and its contents up to 
the required point, and allow it to cool gradually ; by which any 
number of articles, that are to receive the same temper, are 
equably heated and gradually cooled. 

75. Most other metals are acted on by heat and cold in 
somewhat the same manner, though in a less degree. Copper, 
however, forms a remarkable exception ; for its properties are 
just the reverse of those of steel and glass. When it is cooled 
slowly, it becomes hard and brittle ; but when cooled rapidly^ 
soft and malleable. This curious property is possessed in a yet 
more remarkable degree by an alloy, composed of 4 parts of 
copper and 1 of tin, which has been long used by the Chinese 
(under the name of tam-tam) in the construction of gongs and 
other musical instruments. The mode of rendering it malleable 
has been known in Europe of late years only. 

76. Strength of Materials. — Closely connected with these 
subjects are the inquiries into the strength of the different 
materials used for constructing buildings, ships, machines, &c., 
which are of such great practical importance. Many details in 
regard to them, however, would be out of place in a work of 
this description ; but the general principles, which should be the 
guides in the selection and arrangement of materials, may he, 
advantageously explained. 

77. We have already considered the property of cohesion, as 
it acts in producing tenacity^ or resistance to an extending force ; 
but we must now advert to the power which different bodies 
possess, in various degrees, of resisting a compressing or crushing 
force. This does not at all correspond with the amount of 
tenacity ; for in metals the degree of resistance to a compressing 
force is much greater than the tenacity ; whilst in wood it is 
much less. A cube of that kind of cast-iron which is known as 
gun-metal, a quarter of an inch each way, requires a weight of 
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JO tods to crusli it ; from which it may be calculated that, as 
each side of the cube is l-16th of a square iuch, the compressing 
force required to crush a cube of an incli every way must be 160 
tons. No other material, on which experiments have been made, 
exhibits a power of resistance equal to this. The ordinary 
kinds of iron, however, have a much less resisting power ; but 
still it is many times greater than the tenacity. Thus, the same 
cast-iron, of which a bar an inch square will resist an extending 
force of from 6 to 8 tons, will resist a compressing force of from 
37 to 48 tons. The power of resistance varies much, however, 
in proportion to the length of the portion experimented on. The 
cube is the form which best resists crushing in every direc* 
tion ; but if a square pillar be compressed in the same manner, 
by a force applied to its ends, it yields to a much inferior crushing 
force. Thus, whilst a cube of cast-iron l-4th of an inch every 
way, will sustain a force of ^2 tons per square inch, a pillar an 
inch high, and l-4th of an inch square (such as would be made 
by piling four of the cubes together), will only resist ^5 tons per 
square inch. In all cases where a certain height is passed, the 
rupture takes place by the sliding of one part upon another, and 
not by the breaking up of the whole mass, which occurs when it 
is completely crushed. In stone, the power of resisting pres* 
sure is greater than its tenacity or power of resisting extension ; 
Aberdeen granite is the strongest yet experimented on, as it 
bears 5 tons per square inch (or about l-8th of the pressure 
which good cast-iron will sustain), whilst compact limestone 
bears 4 tons, Portland stone only 1^ ton, and brick from If to f 
of a ton« But wood offers a far less resistance to a crushing 
force acting in the direction of its fibre or grain, than it does to 
an extending force. Experiments on this subject are somewhat 
uncertain ; but it seems to be the result of those which have been 
made, that a bar of oak an inch square, which will bear an 
extension of 5 tons (nearly that of ordinary cast-iron), will not 
bear a compression of \^ ton ; and that elm and deal, which 
will bear an extending force of 6 tons, will not bear a compress- 
ing force of more than from ^ to 4* of a ton. These results 
vary, however, according to the length of the piece to which 
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the pressure is applied ; as the parts of a piece of wood have 
even more tendency to separate by sliding over each other, than 
have those of a piece of iron. 

78. Hence we see that, for resisting ea^tmiion^ wood would b6 
much preferable to iron, proTided it were equally durable, on 
account of the far inferior weight of a beam required to possess 
a certain tenacity. Thus, deal has only l-15lh the weight of 
cew^iron, though it has considerably more than half the tenacity; 
and 16 bars of it would weigh only the same as one bar of 
tcrouffht'iron^ although they would have together more than 
the tenacity of three. Now it is evident that a structure may be 
composed of parts which are in themselves of great strength * 
and yet it may be so heavy, that it may not be able to bear its 
own weight* Several iron roofs have fallen in from this eause ; 
accidents of this kind, at the Brunswick Theatre and the Conser*- 
vatory at Brighton, attracted much attention at the time of iheit 
occurrence. It would be impossible to construct such roofs and 
bridges of iron, as have been built of timber ; rince the down- 
ward pressure of the fabric goes on increasing in greater propori- 
tion than its power of resistance, when it passes a certain size ; 
so that no additional strength given to its parts can make up for 
this. The danger of decay in timber is of course a great 
obstacle to its employment in bridge-building ; but if it should 
prove that this is prevented by the Kyanizing* process now 
employed, wood will probably come into more general use for 
this purpose. It has been much employed in America, where 
timber is plentiful and cheap; and also in Germany. The 
longest bridge of one arch in the world is probably that over 
the river Schuylkill at Philadelphia, the span of which is 340 
feet. There are other timber bridges in the United States, of 
250, 200, and 194 feet ; and some fine bridges of similar dimen- 
sions have been recently constructed in Germany. The longest 
bridge of one arch ever built was probably that constructed in 
177s, over the river Limmat, near the Abbey of Wettengen ; it 
was above 390 feet in span. This wonderful bridge was destroyed 

* Thia process, so named after its iaventor, consists in steeping the wood for 
some time in a solution of corrosive sublimate. 
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in tbe campaign of 1799. The widest arch that has yet heen 
constructed of iron is the one at Bishop'^s Wearmouth, near 
Sunderland^ the span of v^hich is 250 feet ; the span of the 
centre arch of Southwark hridge is 240 feet. These very 
nearly approach the limit at which iron can be advantageously 
applied. 

79. In the actual practice of construction, it is not at all safe 
to calculate upon the amount of pressure or strain which certain 
materials have been found by experiment to be capable of sus- 
taining ; and this for several reasons. It has been already stated 
that a strain of a less violent kind than that which is necessary 
to produce rupture by extension, will often make such a change 
in the internal arrangement of the particles, as very greatly to 
weaken the resistance of the body ; and the same is true of com>- 
pressing force. Thus one half the pressure which will crush 
stone renders it liable to chip, so that a slight blow will break 
it ; and the tendency of overloaded stone to yield increases with 
time. It is not considered safe, therefore, to load stone with 
more than l-6th of the pressure that crushes it. Moreover, 
allowance must always be made for the probability that, from 
some accidental cause, some one part will be weaker than the 
rest ; and if this give way, the whole structure may be destroyed. 
Again, the structure may be liable to an occasional or accidental 
increase of pressure, which, if it were already loaded too nearly 
to its limit, would produce its downfall ; and allowance must 
therefore be made for this : as also for the probability that some 
slight giving way, or settlement^ of the parts that have to sustain 
the greatest pressure (as the walls or foundations in the case of 
a roofy or the abutments of a bridge), may diminish the stability 
of the whole. For the same reasons, fire-arms of any description 
fihould always be proved^ before they are taken into use, by 
being subjected to a much greater force than that which they are 
intended to sustain in being discharged. 

80. The strength of a fabric depends, however, not only upon 
its materials, but upon the mode in which they are arranged ; as 
may be easily shown. Let us suppose a beam of wood, resting 
on a solid base at each end, to have a weight placed in its middle, 
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sufficiently great to bend it downwards. Now it is obvious tbat, 
in thus bending, the upper side must be compressed, whilst the 
lower side is extended ; and it is further obvious that there must 
be a portion of the thickness of the beam which is neither com- 
pressed nor extended, — all beloto it being extended^ and all aho^e 
it being compressed. The part of the beam where it is neither 
extended nor compressed, is termed its neutral line; and this 
will obviously afford no resistance to its bend, so that it might 
be removed without weakening the beam. On the other hand, 
the amount to which each portion above or below the neutral line 
is compressed or extended by a certain bend of the beam, is greater 
in proportion to its distance from it ; hence the most distant por-o 
tions, or those forming the upper and lower edges of the beam, 
exert the greatest resistance. 

81. This principle is illustrated by the well-known fact, that 
an ordinary plank of timber will bear a much greater weight, 
when placed with its edge beneath it, than when the weight 
bears on its broad side. Hence the joists on which the floor of 
a house rests, and which have to sustain its downward pressure, 
are set with their edges upwards. Suppose a joist to be 10 
inches broad and 2 inches thick ; — then if the weight rest on its 
broad side, it would support just the same pressure that would 
be sustained by 5 separate bars, each 2 inches square. Supposing 
the neutral line to run through the middle of its thickness (which 
it does very nearly), then the parts where the greatest resistance 
is required are nowhere more than 1 inch from that line. But 
when placed so that the weight shall bear upon one of its edges, 
the joist will sustain a much greater pressure than that which 
would be borne by 5 separate joists of 2 inches square ; for snp^ 
posing 5 such bars to be laid one upon the other, and firmly 
fastened together, so as to represent one beam ; — then the middle 
one of the five would have just the same strength that it would 
possess if separate from the rest, since its surfaces would be each 
at the distance of an inch from the neutral line of the whole 
mass ; whilst the bars next above and below would have one of 
their surfaces at the distance of 1 inch, but the other at 3 inches 
from this neutral line ; and the bars forming the upper and lower 
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edges of this compound beam would have their two surfaces at 
3 and 5 inches distance from it ; — ^hence the resistance to strain 
or pressure, which the middle bar would exercise, being the same 
as if it were alone, each of the bars next above and below it 
would exercise about twice the resistance, and each of those 
forming the edges of the beam about four times the resistance ; 
80 that the whole beam would bear a pressure equal to that which 
about (4 + 4 + 2 + 2 + 1) 13 separate bars would sustain. 

82. We see, further, that as the power of resistance is greater 
in proportion to the distance of each part from the centre or 
neutral line of the beam, the beam will be strongest when the 
greatest part of its material is disposed at the greatest distance 
from that line. Thus let the central bar, in the compound beam 
just referred to, be remoyed, the loss will only be that of the 
support given by a single bar ; but let the same amount of 
material be employed in increasing the thickness of the edges, 
it will then have more than four times the effect ; and thus the 
more we withdraw from the centre and add to the edges, the 
stronger will the beam become, provided that the parts of it are 
still sufficiently connected together. 

83. In this and other similar cases, the beam is adapted to 
sustain a pressure in two directions only ; but it is easily seen 
that it is the same principle, which gives the great advantage in 
strength to hollow cylinders (such as those which form the stems 
of grasses, or the bones of most animals,) over solid cylinders 
containing the same quantity of matter. For the central axis 
of such a cylinder will be nearly its neutral line ; so that, in 
whatever direction force be applied, it will meet with an equal 
resistance ; and this resistance is greater, the further removed the 
zensting points are from the centre. By the cylindrical form of 
such stems, their parts are all firmly bound together, so that no 
one can yield without the rest being also affected ; and thus they 
have all the advantage that results from the distance of their 
walls from the centre, without any of the weakening that would 
be perceptible in a beam, of which the upper and lower parts 
should be separated by a considerable space, in consequence of the 
pressure on the upper part causing it to yield without affecting 
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the lower. Supposing that the wall of the hollow cjrlinder were 
made thicker on one aide than on the other ; — the resieting power 
would be greatest in the direction of this increase; and it will 
be more increased by making this addition on the onteide than 
in the interior. This is exactly the principle whicli is followed 
in the constmction of bones : where the strain is likely to be 
eqntd in all directions, they are uniformly thick all round the 
central hollow ; and their diameter is such as to give a strength 
equal to abont three times that, which the same material would 
possess if disposed in a solid cylinder : bat we frequently find a 
ridge mnning along the bone in one direction, which serves for 
~ the attachment of mneclee, and alao gives 

the bone increased power of resistance in 
the direction of the strain which these mus- 
I cles will exert upon it. Of snch a bone, 
I the accompanying figure represents a cross 
' section ; and its power of resisting a force 
applied above or below is greater than its 
power of resisting a force applied sideways, 
^'°' *■ in proportion a» the distance a 6 exceeds the 

distance be. But had tbis ridge occupied part of the hollow 
interior of the bone, it would have been comparatively useless. 

84. From what has been siud of the relative actions of the 
upper and lower portions of a wooden beamj on which a weight 
is placed, in resisting pressure and extensitm respectively, it 
follows that, if we cut the beam balf through from above down- 
wards, with a thin saw which shall not remove any of its mate- 
rial, we do not diminish its power of resistance in that direction; 
for the action of this part of the beam, being that of resisting 
compression, may be performed as well if it were composed of 
several pieces lying close together, as if the resistance were made 
by one continuous piece. The contrary is, of course, the case in 
regard to a similar cut made on the under side ; for the whole 
efficacy of that part of the beam, which entirely ccmsiats of its 
tenacity, is thus destroyed. It has been found by experiment, 
that a beam may be cut from its upper aide to about 5-8tbs of 
its depth, without its strength being impured ; this depth, there- 
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fertt, may be regarded as the exact position of the neutral portion 
of the beam ; all above it being compressed, and all below it 
extended, by pressure on its upper surface. It has also been 
found that, if the saw-cut be filled up with harder wood, which 
resists compression better than that which it replaces, the strength 
of the beam is increased rather than diminished. 

85* The arrangement of a certain quantity of material in such 
a mode as to give the greatest strength, is a problem of even 
more importance in the construction of iron beams than in regard 
to those of timber ; for we cannot, in the latter, conyeniently 
take away material from one part, and add it in another where 
it may be more efficacious ; and as the increase in weight pro- 
duced by what may be comparatively superfluous is small, it is 
not worth while to remove it. In the casting of iron beams, 
the form is entirely at the pleasure of the maker ; and thus, 
according to the kind and direction of the strain which the beam 
is to receive, he may, by the knowledge of the comparative 
powers of tenacity and of resistance to compression which his 
material possesses, adapt the form of his beam so as to give the 
greatest strength with the least material ; and thus there is not 
only a saving of material, but of weight, which is a matter of 
equal importance. This has been lately proved by the experi- 
ments of Mr. Hodgkinson of Manchester, the results of which 
are of great importance. The 
neutral liiie is not, in an ordinary 
iron beam, as it is in a wooden, 
a little below the middle ; for, as 
the metals resist compression 
much better than extension, a 
much smaller quantity of material 
will be required above the neutral 
line than below it. Hence the 
most advantageous form of beam 
is one which, when cut across, shows this figure. It may be 
described as consisting below of a flat portion, or flanch, from 
which rises an upright rib ; and at the top of this there is a flanch 
much smaller than the first. An iron beam thus shaped, will 
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have several advantages over one shaped like an ordinary 
timber joist. 

86. In the first place, the greatest part of its material is 
disposed at a distance from the neutral point ; and therefore it 
will afford a much greater resistance than if it were nearer the 
centre, as it would be if the flanches were smaller and the rib 
thicker. But if these flanches were equal, we should not have 
a beam of the greatest strength which the material can produce; 
for such a beam would break, by the extension of its lower side, 
under a far less degree of pressure than would be required to 
break it by compression of the upper. It is obvious, therefore, 
that a large part of the upper flanch might be removed without 
the least injury to the strength of the beam ; and if the same 
amount be added to the lower flanch, its resistance will be greatly 
increased. The strongest form is obtained when the arrange- 
ment is such, that at the instant the beam is about to break by 
extension on one side, it is about to break by compression on the 
other. So long as this is not the case, the strongest form is not 
attained ; since, on the side which is least disposed to break, 
there is superfluous material, which may be advantageously 
transferred to the other. It appears from Mr. Hodgkinson's 
experiments, that a beam of cast iron, shaped as in the figure, — 
in which the section of the upper flanch (or surface of compres- 
sion) is to the section of the lower flanch (or surface of exten- 
sion) as 1 to 6, — has nearly twice the strength of a beam 
containing the same amount of material, but having two flanches 
of equal size. The large iron beams or gxrdarn^ which are much 
used in cotton-factories and similar buildings, are now usually 
cast upon this principle ; and it is found that, to gain the same 
strength, one-fourth less iron is now required, than was employed 
in the best forms of girders before Mr« Hodgkinson's experi* 
ments^ 

87. There is another principle, however, to be attended to, 
in devising the best shape for a cast-iron beam. The strength of 
a beam of uniform shape from end to end, estimated by the load 
it will carry without breaking, is different in different parts of 
its length. A load which will break it^ if placed upon its 
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middle point, may bo very well borne by it near its extremities. 
It may be shown by mathematical investigation, that the effect 
of a load is exactly proportional to the product of its distances 
from the two ends of the beam. Tliu3, let a beam be 12 feet 
long ; a load placed at the distance of 1 foot from one end will 
be 11 feet from the other ; if it be at 2 feet from one end, it 
will be at 10 feet from the other ; if at 3 feet from one end, it 
will be at 9 feet from the other ; if at 4 feet from one end, it will 
be at 8 feet from the other ; if at 5 feet from one end, it will be 
at 7 feet from the other ; and if in the middle, it will be at 
6 feet from each end. Hence the relative pressures of the load 
in these different positions will be expressed by the numbers 11 , 
20, 27, 32, 35, and 36 ; and in order that the beam may be 
equally able to bear a load in every part, it should have its 
flanches made much broader at the middle than at the two ends, 
80 that the quantity of material at each part may bear an exact 
proportion to the resistance it has to afford. The form of the 
flanch which fulfils this condition, is given in the subjoined 
figure* Its border on each side is a parabola ; which curve will 




Fig. 10. 

make its breadth at the several distances just mentioned, exactly 
proportional to the series of numbers which represent the pres- 
sure at each point. Both the upper and lower flanches should 
have this form ; the lower one being made six times as large as 
the upper. 



CHAPTER III. 

ATTRACTION OP GRAVITATION. 

88. We have hitherto spoken only of the attraction which 
exists at very minute distances among the particles of matter, 
causing those of the same mass to cohere, and causing those of 
di£ferent suhstances to adhere. We have now to consider the 
attraction which exists among the masses themselves, and which 
gives rise to a force that is constantly and uniyersally operating 
throughout nature. We are best acquainted with this force as 
it acts on the surface of the earth, causing all bodies which are 
not supported to fall to the ground ; and also causing them to 
exert that downward pressure, when they are not in motion, 
which we term their weight. But it is the very same force, 
acting on a scale which becomes sublime from its stupendous 
greatness, which keeps the moon from leaving its regular course 
round the earth, which causes the earth to maintain its regular 
distance from the sun whilst moving onwards through space, 
and which acts in like manner, not only upon all the other 
planets and their satellites belonging to the solar system, but 
upon those bodies placed at an almost infinite distance from this 
globe of ours, which we commonly term the fixed stars. 

89. The concise statement of the mode in which this attrac- 
tion acts, constitutes what is known as the law of gravitation ; 
and this is expressed in the following terms. AU masses of 
matter attract one another, with forces directly proportional to the 
quantity of matter contained in eachy and inversely proportional 
to the squares of their distances from each other. This rule is 
very easily comprehended and remembered, when it has been 
once sufficiently explained ; and a few illustrations of it will be 
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given for that purpose. We will suppose that there were two 
masses of matter, A and B, of equal bulk, and placed at any 
distance firom each other ; and that these masses were not in- 
fluenced by any other force than that of their mutual attraction. 
This, then, would draw them towards each other ; and as the 
two bodies are equal in size^ they will produce equal effects upon 
each other, so that they will move towards each other with equal 
quickness, until they meet in a point midway between their 
original situations. But supposing their bulks to be unequal, as 
if A were 3 and B 2, then the attraction which A has for B will 
be expressed by the number 3, whilst that of B for A will be 
only 2 ; and this unequal attraction will show itself in the 
respective distances which each will travel towards the point of 
meeting ; for B will be drawn by A's force through a distance of 
3, whilst A will be moved by B's force only 2. Or if A were 
100 and B only 1, then the attraction of A for B would be a 
hundred times that of B for A ; and B would move towards 
A a hundred feet, yards, or miles, whilst A only moved one 
towards B. The first part of the law of gravitation, — ^that the 
attraction acts with a force directly proportional to the quantity 
of matter contained in the bodies, is not, therefore, by any means 
difficult of comprehension ; nor is the second part more so. 

90. If two masses of matter be very near each other, their 
mutual attraction is much stronger than if they were at a 
distance; and it diminishes in a certain proportion as the 
distance increases. This diminution follows a regular law,—* 
being exactly proportionate to the square of the distance. Thus, 
supposing A and B are at the distance of 1 foot, and we repre* 
sent their mutual attraction by the number 1, the attraction 
between A and B, when removed to a distance of 2 feet, will be 
only l-4th of the previous amount ; for, since 4 is the square of 2, 
the distance having been doubled, the attraction is diminished 
in the proportion of 4 to 1. Or, supposing them to be separated 
to 10 times their original distance, tlie force of attraction would 
be diminished to I -100th. The term ^* inverse proportion^' is 
a simple method of expressing, that one quantity increases as 
another diminbhes, or diminishes as' another increases. And 
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thus it may be said, that the force of attraction diminishes as the 
square of the distance increases ; which is only a less concise 
mode of expressing the general fact set forth in the second 
part of the law of gravitation, just stated. 

91. A little consideration will make it evident why not only 
the attraction of gravitation, but likewise all other influences — 
such as light, sound, electricity, &c. — emanating in like manner 
from a centre, should diminish in their intensity in proportion 
as the squares of the distances increase. Suppose a candle to be 
in the place A, and to send its light through a square hole, BPO9 
at the distance A B from the candle : then that light will cover the 




space GF La; upon a 'paper held at the distance of AC, or 
twice A B ; and will spread itself over D G K ^ at the distance of 
A D or three times A B ; and over E H I r at the distance A E 
or four times A B. Now it is evident that the space CPh» 
is four times B P O « ; that D G K 5 is nine times the same 
amount ; and that E H I r is sixteen times. Thus the distances 
being as 1,2,3,4, the spaces covered by the same amount of light 
issuing from A, are, at these distances respectively, 1, 4, 9, 16,— » 
the squares of the preceding numbers. But it is evident that 
if the amount of light which passes through the opening 1 at 
the distance 1, be spread over the surface 4 at the distance 2, it 
will be only one -fourth as strong or intense f when spread over 
the surface 9 at the distance 3, it can only be one-ninth as 
intense ; and when spread over the surface 16 at the distance 4, 
it will be only one-sixteenth as intense. Therefore, the light 
diminishes in intensity as the squares of the distances increase 
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ftnd it is easy to see^ that the same explanation will apply to the 
attraction of grayitation, or to any other influence emanating 
Uke it from a particular centre. 

92. We are most familiar with this force in its action between 
the earth and bodies upon or near its surface. The bulk of the 
earth is so great, in respect to that of any mass of matter which 
comes within its immediate influence, that, although they really 
have a mutual attraction for each other, the effect of the earth's 
attraction in producing the motion of the body towards it, is 
alone Tisible to us (§. 238). It will be shown, however, that the 
earth itself is influenced by the sun, very much in the same 
manner that any small body on the earth's surface is influenced 
by it ;-r-that is, if left completely to itself, it would fall towards 
the son, whilst the movement of the sun towards it would be 
extremely trifling, so much greater is his bulk than that of the 
earth. In all instances of attraction exercised between spherical 
bodies, that attraction operates to draw their centres together ; 
and thus, the earth being'' a sphere (or nearly so) the small 
bodies on its surface are attracted towards its centre. Let us 
suppose that the centre of the earth were hollow, — ^then a body 
placed exactly in the central point would remain there without 
support : it would, in fact, have no weight or downward pres- 
sure ; for it would be equally attracted on all sides by the hollow 
sphere around it, and would remain in the same point so long as 
it might be allowed to do so. But if drawn out of its position, 
it would immediately tend to return towards it, and would thus 
exercise 'pressure, or have a degree of weight ; since, when 
removed from the centre, the attraction of the different parts of 
the hollow sphere around it would no longer be equal, and it 
would be drawn towards the direction in which it is acted upon 
by the greatest mass. 

93. All bodies which fall towards the surface of the earth, 
move (if influenced by the force of gravitation alone) in lines 
which would meet in its centre ; and therefore two bodies, let fall 
at a short distance from each other, do not really descend in 
parallel lines, as they appear to do. This will be made evident 
in the accompanying diagram. Let A B C be a part of the earth's 



74 



ATTRACTION OF THB BABTH. 




Fio. 12. 



circumference, and a and h be the points from which the bodies 
commence their descent ; then, by the attraction of these towards 

the centre they will fall 
in the lines a A and h B, 
which are not parallel, 
but, if prolonged, would 
meet in the centre ; and a 
body let fall at the dis- 
tance of a quarter of the 
earih^s circumference, as 
from c, will fall in the line 
e C, which is precisely at 
right angles to a A. But 
the smaller the space A B 
in proportion to the dig* 
tance of the point O, the 
more nearly parallel will be the lines a A and h B ; and, in 
fact, the spaces between bodies on which we can make such 
observations are so small in proportion to the distance of the 
earth'^s centre, that we may, for all practical purposes, speak of 
the earth's attraction as exercised in parallel lines over, bodies 
upon or near its surface. (§. 168.) 

94. It is by the equal attraction of the earth for all the 
particles of a liquid, and the parallel direction of the lines of 
this attraction, that the surfaces of small collections of liquid are 
always levd; but when the surface of the liquid is sufficiently 
large, we see by its curvature that the attraction is not exercised 
in lines exactly parallel. Thus, in Fig. 12, let A d represent a 
straight or level surface of liquid ; it is obvious that the attrac- 
tion of the earth for different parts of it would not be the same ; 
since at A it is exercised at the distance A ; whilst at ^ it 
operates through the much greater distance O d. As the attrac- 
tion for the different parts of the liquid, therefore, is unequal, 
and as the particles of the liquid are free to move upon each 
other, they cannot retain their perfect level, but will change 
their position until all of them are at an equal distance from the 
earth's centre, so that the earth's attraction for all of them will 
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be equal. When this is the case, the curve of the liquid will 
follow that of its surface A D ; and this we know, in fact, to be 
the nature of the surface of any large collection of water — 
such as a lake — still more evidently Uiat of the sea ; although 
in a small surface, such as that of a vessel of water, or a pond, 
the curvature is too small to be seen. It is on account of this 
curvature, that the masts of vessels which are approaching the 
shore are first seen, and their hulls last ; and that the hulls first 
disappear as the vessel is receding, the masts being seen for 
some time afterwards. The curvature of the earth's surface 
must be allowed for in cutting a canal ; for if the bottom of the 
canal were cut to an exact level, the water would be deep in one 
part and shallow at tlie other, owing to the curvature of its 
surface. In order that the water may be of the same depth 
everywhere, it is necessary that the bottom of the canal have the 
same curvature ; and for this, it is necessary to depart from the 
dead level about eight inches for every mile. 

95. It has been already stated^ that the attraction of gravi- 
tation diminishes as the square of the distance increases ; and 
consequently the downward pressure of a body — that is, its 
weight — would be less if it were removed to a height above the 
earth's surface, sufficient to make the difference perceptible. 
This can scarcely be proved by ascent in a balloon, or up a 
mountain, as a height of 3 or 4 miles is not sufficient ; but it is 
clearly shown to be the case, by experiments made on different 
parts of the earth'^s surface, whose distance from the centre varies 
considerably. The earth is not perfectly spherical in form^ but 
is flattened at the poles, like an orange ; and the distance of its 
surface from the centre is only 3950 miles at the poles, whilst it 
is 3963 at the equator. This difference of 13 miles is quite 
sufficient to produce a marked effect upon the attraction of bodies 
towards the earth. It has been found by accurate experiments, 
that the motion of a pendulum, which is entirely dependent on 
the force of gravity, is much slower over the equator, where the 
attraction is less, than it is in temperate regions, or near the 
poles, where the attraction is greater, in consequence of the shorter 
distance from the centre. And from experiments of this kind it 
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may be calculated that (U the poles, a body which would be drawn 
downwards (or towards the earth's centre) at the equator, with a 
force of 590 lbs., will be drawn down with a force of 591 lbs. 

96. It is obvious that, if we balance a body in a pair of 
scales, with weights equivalent to 590 lbs., the scales will remain 
balanced in whatever part of the earth's surface we try the expe- 
riment; because the variation in the earth's attraction, and in the 
downward pressure it produces, would be the same for that which 
each scale contains. But if the experiment could be tried with 
a spring-dial weighing machine, we should find that the same 
weight, which would cause the hand to point to 590 lbs. at the 
equator, would cause it to point to 591 lbs. at the poles ; since 
the downward pressure of the body is increased without any 
change being made in the resisting power of the spring. The 
same fact may be illustrated in another way. Let us conceive 
a weight E suspended at the equator by a string, which should 

^j^C pass over a pulley A, and be con- 

^^y^^^^fA ducted over the other pulleys, 

-^ ^^^^^^^V^.^"^^ { p '"^ s^^ch as B, 0, along the earth's 

J^^s,^^/^ \ surface, till the other end hang 

down at the pole, where a weight 
P is suspended by it. Now if the 
weights E and P were such as 
would balance each other when 
v.^n3.^. ..^... — Iq placed in an ordinary pair of 

\ scales, they will not pull equally 

V upon the string under these cir- 

^'®' ^^' cumstances ; for the weight E will 

be more powerfully drawn by the earth's attraction at the poles, 
than the weight E will be at the equator ; and, in fact, a mass 
of 590 cubic inches at P will balance a mass of 591 cubic inches 
at E. The difference is greatly increased by the action of cen- 
trifugal force, as will be explained hereafter (§. 220). 

97* The law of attraction might seem to be contradicted 
by the fact, that there are bodies which have a tendency 
to rise from the surface of the earth instead of descending 
towards it ; thus we see the smoke, on a fine calm day, gently 
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ascending to a considerable distance from the eartli's surface; 
and a balloon rises witli force enough to carry up two or three 
human bodies of full weight. This, however, does not prove 
that the earth has no attraction for these bodies, but merely that 
it has more attraction for another body, the atmosphere. * The 
pressure or weight of the atmosphere over any part of the earth 
is continually varying, being sometimes 15 lbs. on every square 
inch, and sometimes only 14 lbs. ; this variation produces the 
different heights of the barometer, on which we rely as indica- 
tions of the weather. Now when the weight of the atmosphere 
is great, which it is in fair weather, its lower part is more pressed 
together, and thus becomes denser ; and in this state it is attracted 
by the earth with greater force than smoke is, so that the latter 
rises through it, for precisely the same reason that a cork will 
rise from the bottom of a vessel of water to its surface. But 
when the density of the atmosphere is less, which it usually is in 
rainy weather, the smoke is as heavy as the air, and thus has no 
tendency to rise through it. A balloon when filled with hydro- 
gen gas, or even with heated air, weighs far less (that is, presses 
far less towards the earth) than the same bulk of cold air ; and 
thus it will not only rise through it, but will even carry up any 
heavy bodies which do not make the whole weight equal to that 
of the same bulk of air. Its ascent is limited, however, by the 
gradual decrease in the weight of the air, arising from its 
diminished density; for any measure of air on the top of a 
mountain, weighs much less than the same bulk of air at a level 
surface ; as the latter, being more closely pressed together, contains 
a much greater number of particles. The balloon will rise, there* 
fore, until the weight of the same bulk of air is so much diminished, 
as to be no greater than its own ; and it will then rise no more, 
the attraction of the earth for the balloon, and for the mass of 
air which must be displaced for the balloon to rise, being equal* 
98. Hence we see that there are no bodies which can be 
properly regarded as having no tendency to approach the earth ; 
all the instances in which bodies are disposed to rise from its 
surface, being due to the inferior attraction which the earth has for 
them, when compared with that which it has for the same bulk of 
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the fluid thiongh which thef rise. Thus a balloon filled with hy- 
drogen gas rises through the atmosphere ; but a balloon filled vrith 
common air woidd rise through heavier gases ; these gases would 
rise through water ; a vessel filled with water would rise through 
strong sulphuric acid (oil of vitriol) ; and a vessel filled with this 
would rise through mercury, which is the heaviest fluid we know. 
It will be shown hereafter (§. 253) that the different rates at 
which different bodies fall to the ground, are due to the retistanee 
of the air against their surfaces ; and that, if the air be removed, 
keapy and li^ht bodies (as they are commonly termed) will fidl 
in the same time. 

99. The powerful attraction which the earth, in consequence 
of its vast bulk, has for all bodies upon its surfihoe, prevents us 
from perceiving, under ordinary circumstances at least, the 
attraction which they have for each other ; and yet this eisdsts in a 
degree exactly'proportionate to their respective bulks. If two balls 
of lead were placed at a little distance on a smooth surface, they 
would have exactly the same tendency to move towards each other, 
as if they were not attracted by the earth ; but this tend^icy is 
prevented by the friction which would be produced if they were 
to begin to roll, and which their mutual attraction is not suffi- 
cient to overcome. Or if they were suspended by strings from 
the ceiling of a room, they could not approach each other without 
moving out of the line in which the earth's attraction causes them 
to hang; and this attraction their mutual attraction is not 
powerful enough to overcome. But when two bodies are floating 
on a liquid, there is no obstacle but the resistance of the liquid to 
prevent their mutual attraction from bringing them together; 
and accordingly we see two floating bodies attracted into contact 
with each other, when they have been brought sufficiently near 
for their mutual attraction to overcome that resistance. It has 
been determined by accurate observation, that a plumb-line sus- 
pended in the neighbourhood of a lofty mountain, does not hang 
in a direction quite perpendicular, but is drawn a little to one 
side by the attraction of the mountain. But as the greatest 
mountain upon the earth's surface is little more than the siaty- 
millianth part of its bulk, its attraction for the lead ball must 
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evidently be very trifling, compared with that which the earth 
has for the same solid ; and consequently the deviation of the 
plummet will be 'eery small* 

100. The attraction of solid bodies for each other may be 
shown, however, by balancing a small mass in snch a manner 
that it may be moved by the slightest influence ; and then bring- 
ing another mass into its neighbourhood. Thus, if we suspend 
two equal balls of lead from the opposite extremities of a 
slender bar of wood, and suspend this at its centre by a very 
fine wire, the only force required to move the balls will 
be that which suffices to produce a slight twisting of the 
wire that suspends the rod (§. 63). Now if a large mass of lead 
be brought into the neighbourhood of each ball, (the rod having 
been previously hanging at rest,) its attraction will cause the 
rod to turn round, until the small balls have come into the same 
line with the large masses. If the masses be now moved a little 
further, the balls will follow them ; twisting the wire, from which 
the rod is suspended, still more. Now, as the force which is 
required to produce any amount of alteration in the position of 
the rod can be ascertained in another way, the actual amount of 
the attraction which the masses exercise over the balls may be 
determined; and this may be compared with the attractive 
influence which the earth has over them. From the knowledge of 
these facts, the quantity of matter in the earth may be compared 
with that in the masses of lead ; for the weight of the earth is 
just as much greater than that of the masses of lead, as the force 
with which it attracts the balls exceeds that with which the 
masses attract them, — proper allowance being made for their 
difierence in distance. When the actual weight of the earth is 
known, we may estimate its density as compared with water ; 
since we may easily calculate the weight of a globe of water of 
equal size. And from the weight and density of the earthy that 
of other planets and of the sun may be ascertained. 

101. This experiment is known as that of Cavendish, by 
whom it was first devised. In order to perform it accurately, 
very great care is necessary to prevent various sources of error. 
Thus, the rod and balls must be inclosed in a case, so contrived 
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as to prevent their motions from being affected by currents of 
air ; and the whole apparatus must be inclosed in a room which 
has a uniform temperature, and in which there are no other 
openings than those absolutely necessary for making the obser- 
vations. The necessity for these precautions is evident from the 
fact mentioned by Mr. Bally (under whose direction the experi- 
ment has lately been repeated), that the slightest change of 
temperature on one side of the case in which the rod and balls 
were suspended, would produce an immediate effect upon them. 
The average result of 2004 experiments lately made, is that the 
weight of the earth is about 5y times as great as that of a globe 
of water of the same bulk *. Thus, we may regard the appa- 
ratus of Cavendish as a scale in which the earth, sun, moon, and 
planets have been weighed. 

* Piiilosopbical Magazine, August 1842. 



CHAPTER IV. ' 

CENTRE OF GRAVITY— STABILITY OP SOLID MASSES, 

102. It has been shown that, by the attraction of the earth 
for bodies near its surface, all their particles are drawn down- 
wards, in lines which, at short distances from each other, may 
be regarded as having exactly the same direction. We have 
also seen that, in liquids, this attraction is exerted over the 
different particles separately ; so that they arrange themselves 
in conformity with it. But in solid bodies, the particles are so 
coherent, that the combined attraction of the earth for them all 
is diffused over the whole mass. Now it is very desirable that 
we should be able, in some easy and simple manner, to discover 
the whole effect of this force ; — or, which is the same thing, to 
find out whether any single force, acting from any one part of 
the body, would produce the same result. It is in this manner 
only that we can determine (except by a very tedious process) 
a great variety of questions, in which the influence of gravity, 
or the earth's attraction, upon bodies of various forms and sizes 
is concerned. That such a method may be followed, veill be 
evident from a few simple considerations ; by which also we 
shall be led to the mode of arriving at it. 

103. Let Us first consider the attraction of the earth for a 

body, whose particles are 



a 



arranged in a simple regu- 
lar line, A C B. The 
^ ^ earth's attraction for all 

those particles separately 
will draw them downwards in the directions A a, B 6, C c, 
aad in other lines between these and parallel to them. If we 
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conceive the particles to be divided ihto two equal parts at the 
point C, then it is obvious that the earth's attraction for those 
on the side A C will be equal to its attraction for those on the 
side B C ; and that thus the whole line will remain at rest, if it 
is suspended at the point C; like the beam of a balance in whose 
scales there are equal weights. It is also evident that we may 
represent the whole of the forces acting on A B, by a single 
force acting directly downwards from C, — ^that is, in the line 
C c. But if the line be supported at any other point, it will not 
remain at rest ; because the weight of its two sides will then be 
unequal. Next, let us consider the case of a solid body of regular 

form, such as the paraUelo- 
A E 1 gram A B C D, whose 

downward pressure is ex- 
erted in the directions A C, 
E F, and B D ; this body 
we can readily divide into 
two equal halves by the line 
E F. The weights, or downward pressures on each side of this 
line, will then be equal; so that, if we support the body by a 
prop placed under the point F, or hang it from the point E, it 
will have no tendency to change its position; 
whilst, if it be supported on either side of E F, 
the weights of the two divisions must be unequal, 
and the body will sink, therefore, on the heavier 
side. We learn from this, that the force which 
represents the combined attraction of the earth for 
all the particles of the body, acts in the line E F. 
104. But we wish to ascertain the exact point 
in that line, round which the weight of all sides 
of the body is balanced. Let the position of the 
body be changed, so that its downward pressure 
comes to be in the direction of the lines A B, G H, 
and O D; then, in the same manner, we see 
that it will remain at rest if supported in the 
line O H, and in no other ; so that the point O, 
which is common to both the lines E F and G H, is one 
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round -which the weights are balanced, whether the body is 
supported in the direction E F or G H. It would not be diffi- 
cult to show, that in whatever other direction such a body is 
supported, the direction of its pressure will always be in a line 
passing through O, in consequence of the division of its weight 
into two equal parts acting on each side of O ; and thus the point 
O is one round which the weight of all sides of the body is 
equally distributed ; so that, if this point be supported, the body 
will remain at rest, 

105. The case appears different in regard to a body of irre- 
gular form, such as that represented in Fig. 17; but it is in 
realityprecisely the same. 
Let A B, be a solid 
body placed within the 
influence of the earth's 
attraction, which will be 
exercised upon its par- 
ticles in the downward 
direction. It is easy to 
understand that, in spite 
of its irregularity of form, 
we might divide it, by a 
line C D, into two parts 
whose weights should be 
equal ; so that if a prop 
were placed under D, or 

the body were suspended at C, the two parts, C A and C F, 
would balance each other, and the body would remain al rest in 
its present position. This will only be the case, however, when 
the body is so placed that C D is perpendicular ; so that the 
pressure of the body at C or D may be directly downwards. 
For supposing the body to be so placed that D C were somewhat 
inclined, and D E were the perpendicular drawn upwards from 
the point of support ; then D C, being out of the perpendicular, 
would no longer represent the combined action of the weights 
on each side of it ; and, as D E does not equally divide the body, 
it would sink on the heavier side E B. But we may find many 
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other lines, on each side of which the weights'are' equal,— for 
instance, F G; and when the body is so supported that F G is 
perpendicular, it will remain at rest, as in the former case. 
Hence the point H, where C D and F G cross each other, is 
that round which the weights of the several particles, composing 
the two ^des of the body in each case, are equally balanced ; and 
it can be shown that, in any other position of the body, the line 
which divides it into two portions of equal weight will pass 
through the same point H. Hence the weight of the body is 
equally distributed in all directions about this point ; so that, 
if it be supported, the whole body \n[\ remun at rest in any 
position in which it may be. This point is called the centre 
of gravity. 

106. It will be evident, from'what has been stated, that the 
centre of gravity of any body may be found by a very simple 
process. For if we suspend the body freely by any point, it will 
take such a position that its centre of gravity will be somewhere 
in a line drawn perpendicularly downwards firom that point ; 
since into that line the centre of gravity has just the same ten- 
dency to come, as a weight at the end of a line has to cause that 
line to hang perpendicularly. The simplest mode of finding the 
place of such a line, is to let drop a plumb-line from the iH)int 
from which the body is suspended ; and to mark the direction of 
the line upon the surface of the body. If the body be suspended 
from another point, and the same thing be again done, the second 
line will be found to cross the first ; and the point of intersection 
is the centre of gravity. 

107. In all our reasoning respecting the attraction of the 
earth for bodies of any form whatever, we may regard its whole 
influence as being exercised towards this point of the body, — its 
centre of gravity ; and it is obvious that the tendency of this 
point will always be, to assume the lowest position that the 
mode in which the body is supported will admit of. Thus, if the 
body A B (Fig. 17) be suspended from C, the centre of gravity 
H will hang immediately below it ; since in any other position 
it must be higher. If the body be supported upon a prop placed 
beneath D, and the centre of gravity be in the perpendicular 
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D C, the body yrill be at rest ; because its weight, concentrated 
in the point H, presses directly downwards upon the point of 
support. But suppose the body to be a little thrown to one 
ade, 80 that the centre of gravity is moved out of the point H 
into the position I ; then, since its pressure will still be exerted 
directly downwards, or in the line I K, the body cannot remain 
in such a position, since there is no support beneath K ; and it 
will move round, until the centre of gravity hangs in the per- 
pendicular line below D. Where the point of support is very 
small, there will be considerable difficulty in placing the body so 
as to remain at rest upon it ; since the slightest change of the 
centre of gravity from that position in which it is directly above 
the point of support, will cause it to upset. Thus we may 
endeavour for a long time to cause a pencil to stand upright upon 
its point, without being able to succeed ; because the slightest 
shake or breath of air will disturb it, even if for a moment we 
should have succeeded in poising it. A taller and heavier body, 
such as a walking-stick, ' is more easily poised ; since its centre 
of gravity will not be so easily disturbed by slight causes. It is 
much easier to keep such a body poised upon the hand, than to ba- 
lance it upon a fixed point ; because, if we see it inclining towards 
one side or the other, by slightly moving the point of support in 
the same direction, we again bring it under the centre of gravity. 
108. When the point of support is extended into a surface or 
base, the body is more 
stable ; because the cen- 
tre of gravity must be 
made to move through 
a much larger space, to 
cause the perpendicular 
let fall from it (which, 
expressing the direction 
of the earth's attraction 
for the whole body, is 
called the line of direc- 
tion) to fall beyond the 
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point of support. Thus the solid A B C D (Fig. 18) stands 
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eecarelj' upon the base C D, V::;caiise it nmst be moved into the 
position abcDj before the centre of gravity E is thrown into 
such a position e, that h, perpendicular ef falls beyond the 
point D, so as to give it «. >.endenc7 to upset ; any less degree of 
disturbance, that does not move the centre of gravity so far 
as ey will not upset the body ; since it will tend to return to its 
original position, so long as the line of direction falls anywhere 
upon C D. If the body were so inclined that the perpendicular 
from e were to fall exactly upon the comer D on which it would 
then be resting, it might remain poised there, but would be 
upset to one side or the other, by the slightest touch. It is a 
general rule, then, that so long as the line of direction (or 
perpendicular let fall from the centre of gravity) falls within the 
base or surface of support, so long will the body stand at rest, 
because the centre of gravity will be supported ; but that, if 
the line of direction fall without the base^ the body must fall^ 

because its centre of gravity 
is not supported. Thus, let 
A BCD (Fig. 19) be a building 
which has very much sunk in 
at one side, and let E be its 
centre of gravity ; the building 
will yet stand, because the line 
of direction falls within the 
base. But suppose that ad 
addition were made to the top 
of such a building, so as to 
carry it up to F G ; it would 
then necessarily fall, since by 
the change in the place of the 
centre of gravity from E to d, the line of direction is now made 
to fall outside the base. 

109. It is obvious that the broader the base in proportion to 
the height, the more steadiness will the body have ; since the 
further mubt its centre of gravity be moved by any disturbing 
force, for the line of direction to be carried beyond it. Thus, & 
thick book will stand more firmly than a thin one ; and any 
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book will be overttiTned with much less difficulty when standing 
on either of its edges^ than when lying on its side. A body 
may be high and yet it may be very steady, on account of the 
lowness of its centre of gravity resulting from its form ; thus 
the centre of gravity of a p3rramid, twice as high as it is broad 
at the base, will be at only one-fourth of its whole height 
from the ground ; for the part below this line contains as mucli 
matter as the lofty portion above ; and it will therefore be as 
steady as a cube having the same base, and only half the height 
of the pyramid. 

110. It is not necessary that the body should rest on the 
whole surface of its base; thus a table standing upon four legs is 
just as steady as if it stood upon a basement covering the whole 
space between the legs, because its centre of gravity must, in 
either case, move through the same space before the table can 
be upset. The difference in the degree of resistance afifbrded by 
bases of different forms to forces tending to displace the body, is 
well illustrated by the various degrees of steadiness with which 
we stand erect, in different positions of the feet. The base on 
which we may really be considered as resting, is included by 
lines joining the points of the toes and the backs of the heels; 
since, as in the case of the table, the line of direction must fall 
beyond that space, before an upset can occur. If a man stand 
with one foot exactly in front of the other, so that the toes and 
heels of both shall be in the same straight line, he will have a 
long base, but a very narrow one ; so that, although he might 
not be easily pushed forwards or backwards, he would be very 
readily overset by a force acting on one side. On the other 
hand, if he were to stand with his heels touching one another, 
and the toes of each foot directed outwards, — so that the two feet 
should again be in the same line, but this line run from side to 
side instead of forwards and backwards, — the base would be 
wide, but would be so short from back to front, that the body 
would be very easily upset by a push either in front or behind. 
If a person stand upright against a wall, touching it with his 
heels, and then turn his toes out until the whole line of each 
foot is against the wall, he will not be able to remain upright ; 
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for if the back be not allowed to project behind the base, the 
front of the body will project in front of it, so as to throW. the 
centre of gravity so far forwards, that the line of direction 
will fall in front of the feet ; hence, unless one foot is planted 
a little forwards, or the toes be turned towards the front, the 
body must fall. The position of the feet in which the body 
will most firmly resist forces coming in any direction, is that in 
which they are planted at about a foot distant from one another, 
with the toes pointed slightly outwards ; but if it be desired to 
resist a force acting from the fronts one of the feet should be 
advanced before the other, so as to extend the base in that direc- 
tion ; whilst if the force comes from the side, the feet may be 
more widely separated, so as to increase the breadth of the base. 
It is from the habit of walking on the decks of ships whilst these 
are continually rolling from side to side, that sailors acquire their 
peculiar gait ; for they are well aware by experience, that the 
wider the space between their feet, the greater resistance they 
will be enabled to make to the force, by which tliey would 
otherYHse be upset to one side. 

111. Many familiar illustrations might be given of the fact, 
that the steadiness of di£ferent bodies having the same base 
depends upon the height of their centre of gravity. Thus, on a 
highway, level in the middle, but sloping towards the sides, let 
there be a coach on the level, and a waggon on each slope at the 
side, one loaded with hay and the other with stones ; their centres 

of gravity a, a, a, and 

lines of direction aby 

aby aby will be as 

shown in the figures. 

It is obvious that the 

hay-waggon must 

upset, because the 

line of direction falls 

without the base ; 

Fio. 80/ the coach is very 

secure, because the line of direction falls in the very middle of 

its base ; and the stone-cart, though the centre of pressure is low 
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down, is not yery secure, because the line of direction falls very 
near the outside of the base. For the same reason that the hay- 
cart here represented must upset, a stage-coach without inside 
passengers, but heavily loaded with passengers and luggage on the 
roof, is very insecure ; because its centre of gravity is high, so that 
the line of direction is thrown beyond the base with a less incli- 
nation of the road ; and it will be rendered much more secure 
by causing some of the outside passengers to take the inside 
places, which will lower the centre of gravity considerably. 

112. The attitudes of men and animals are the result of the 
instinctive efforts, which cause them so to alter the position of 
different parts of their bodies, as to bring the centre of gravity 
immediately above the point of support. These efforts result 
involuntarily from the feeling of loss of balance and of tendency 
to fall, which affects us disagreeably whenever the po^ition of 
the body has been so changed as to render it insecure. Thus a 
porter bearing a heavy load on his back so inclines himself 
forward, as to bring the common centre of gravity of his body 
and load within the space bounded by his feet. If he stood 
upright, even though the weight of his load were small in pro- 
portion to that of his body, the line of direction must come to 
tlie ground behind his heels, and he must fall backwards. On 
the other hand, a woman carrying a heavy basket in front, 
by a strap passing over her shoulders, throws the upper part of 
her person back, in order to prevent the centre of gravity from 
being brought so far forwards, that the line of direction shall fall 
in front of the toes. In stooping to place a weight upon the 
ground or to lift it up, we necessarily throw forwards the head 
and shoulders ; but to compensate this, the rest of the body is 
bent backwards beyond the line of the heels ; and the greater 
the weight in the hands, the more curved will the body be. But 
as in stooping, even with this compensation, the centre of gravity 
is necessarily brought much forwards, the body is more easily 
overthrown than it is in the upright position; and a person 
standing vnih his back to a wall, will be unable to pick up a 
piece of money placed between his feet, and wiU infallibly fall 
forwards if he attempt to do so. 
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113. For the same reason, persons with a great accumulatioa 
of fat in the front of their hodies, walk with the spine erect, and 
the shoulders even thrown backwards, that the centre of gravity 
may be kept above the middle of the base. A man carrying a 
bucket of water in one hand, inclines his head and shoulders to 
the other side ; and may even derive still further assistance in 
maintaining his balance, by throwing out the other arm side- 
ways to its full extent. But if he carry an equally heavy bucket 
in each hand, the position of the centre of gravity is not changed 
towards one side or the other, and he stands firmly when quite 
upright. Or when a load is carried on the head, the centre of 
pressure being still in the middle line of the body, there is no 
tendency to bend it over towards either side. When a person 
stands upon one foot, his base is so small that he is easily pushed 
down ; and he finds it difficult to keep the different parts of his 
body so completely at rest, as to maintain his balance for any length 
of time. If he find himself falling towards one side, he stretches 
out his hand or his leg towards the other in such a manner, as to 
bring the centre of gravity again over the base, and thus to 
restore his balance. A rope-dancer is supported upon a much 
narrower base, and has consequently much more difficulty in 
keeping the body balanced ; but he is provided with a long pole 
loaded with lead at each end, and this he moves to either side, 
according as he finds that he has a tendency to fall towards the 
other. It will be easily understood, when the principle of the 
lever is comprehended, that the weights at the end of the pole 
will act much more readily and advantageously in restoring the 
balance, than if they were attached to the sides of the body, or 
were simply carried in the hands. 

114. The fact that a body stands more firmly, the wider its 
points of support lie apart from one another, enables us to under- 
stand the advantage which is often gained by arranging the same 
materials in a hollow rather than in a solid structure. Thus, let 
us suppose a table to be resting upon a square column placed 
beneath its centre ; * if this column be not enlarged at the base, 
the table will be very easily upset ; but if it were separated into 
four pieces which should spread out at the bottom, whilst they 
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still meet at the top, the table would be rendered secure in pro- 
portion to the distance of ita feet from e&ch other. It is just ob 
this principle that a lofty 
column may be made to 
stand mnch more securely) 
by arranging the materials 
for its pedestal in a lai^e 
hollow base, rather than in 
a solid one of much smaller 
dimensions ; as is well ex- 
emplified in the accom- 
panying figure of Lord 
Nelson's monument on the 
Denes at Yarmouth. 

115. It is not always 
that the centre of gravity 
of a body is in some part of 
its substance. Tlius, in a 
ring, the centre of gravity 
is the centre of the circle, 
and not in any part of the ^^^ ^i 

ring itself; but this point 

has the characteriatio property of the centre of gravity, — the 
tendency to settle itself at the lowest possible point. For from 
whatever point we hang the ring, ita centre will always be in 
the perpendicular line from that point ; and we can only poise 
the ring upon a support when its centre is perpendicularly above 
the point of support. If we could imagine the central point to 
he connected with the different parts of the ring, by threads so 
fine, that their weight need not he taken into account, the ring 
would be balanced in any position upon a point supporting the 
central knot in which the threads meet. 

116. A body which remains in a state of rest, in consequence 
of its centre of gravity being supported, is said to be in egui- 
Ubrtwm — a term derived from the Latin, and denoting equality of 
weight ; because in that position, the weight or pressure which 
tendb to npset it, is balanced by that which causes it to maintain 
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its place. But its equilibrium may be such that it is easily 
disturbed, — a greater or less amount of force so changing the 
place of its centre of gravity, that the line of direction shall fall 
without the base, so that it must turn over. This equilibrium is 
said to be unstable. On the other hand, a body may be so placed 
that it may be disturbed by a very small amount of force ; and 
yet it shall always have a tendency to recover its state of equi- 
librium, because its centre of gravity, when the disturbing 
cause is withdrawn, constantly has a tendency to return to the 
same situation. Its equilibrium is then said to be stable. Now 
the conditions of the two are very easily understood. A body is 
in stable equilibrium when its centre of gravity is in such a por- 
tion, that it cannot be made lower by any change in the place of 
the body ; and consequently it will always tend to return to its 
original place, when it has been disturbed in such a manner as to 
raise the centre of gravity. But a body is in unstable equilibrium, 
when its position may be changed, though with some difficulty, 
into another in which its centre of gravity is lower. Thus, a 
book placed upright on either of its edges, is in unstable equi- 
librium ; because we can push it over upon its side, thus causing 
it to take a position in which its centre of gravity shall be much 
nearer the surface which supports it; and when in this last 
position, its equilibrium is stable, because there b no other in 
which its centre of gravity can be still further lowered. 

117. A*globe, whose centre of gravity is its centre, can be 
made to rest in any position upon a level surface ; because no 
change of position can bring the centre of gravity nearer to the 
point of support : but it can be displaced by the slightest force, 
because, being always in equilibrium, it has no more tendency 
to remain in one position than in another. On the other hand, an 
egg placed upon either of its ends will not stand ; because the 
centre of gravity is brought much lower by the rolling-over of 
the egg until it lies upon some part of its middle, which there- 
fore is the position it will seek, and in which alone it will rest. 
The equilibrium of a body which may be readily disturbed, — ^as 
that of a sphere, a cylinder, or an egg-shaped body, — without any 
more stable position being gained, is said to be neutral. When 
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any such body is rolled upon a level surface^ its centre of gravity 
moves forwards at a rate exactly the same with that, at which 
the point of support is changed ; and the line of direction let fall 
perpendicularly from the former always drops upon the latter. 
But if the surface be not plane, the body will roll down it ; 
because the point of support is not below the line of direction ; 
and the centre of gravity, not being supported, has a tendency 
to descend. 

118. If the globe or cylinder, however, be not of the same 
kind of substance throughout, but be heavier in one part than in 
another, it will not'remain at rest in any position, but will always 
seek to take that, in which its centre of gravity — now thrown 
out of its former position — may find its lowest point. In this 
manner, bodies may be made to seem to run up an inclined plane. 
Thus, suppose a solid wheel of wood to have a mass of lead im- 
bedded in one part of its edge ; that part will tend to take the 
lowest place, since the centre of gravity is much nearer to it 
than to any other ; and in order that it may do so, the wheel 
will even roll up a hill, the centre of gravity being really lowered 
whilst the centre of the wheel rises. In the same manner, if 
two equal cones be fixed together by their bases, and this double 
cone be laid upon two edges inclined towards each other like 
those of the letter V, it will have a tendencv to run from the 
narrow end towards the broad one ; since, in doing so, the centre 
of gravity of the double cone, being in the middle of their united 
bases, will be lowered by the change of the points of support 
from the large part of the cone towards the small, as it runs from 
the part where the edges approach one another to that at which 
they are separated. And if ^ these edges be somewhat raised at 
the wide end, the cone will still roll towards it, appearing to run 
up hill, but really descending. 

119, It is often necessary to ascertain the position of the 
common centre of gravity of two or more bodies connected 
together ; and this is not difficult, when we know the centres of 
gravity of the several bodies themselves. For let A and B be 
two globes connected by a rod (which we shall suppose, for the 
sake of simplifying the explanation) to have no weight in itself: 
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the centres of these globes are their centres of gravity ; and, !18 we 
may regard all their weight as acting from those points, the same 
reasoning, which enabled us to understand that the forces acting 
upon the different parts of any one bo Jy may balance each other 
round a certain point, leads to the belief that a point may exist 
in which we may i^c^ird. the actions of A and B as jointly and 
equally exercised. This point is evidently somewhere in the line 
A B, which joins their centres ; and it is easily determined (as 
will be shown when the principle of the lever is explained) by 
dividing the line A B into two such parts, that the distance of 
each body from the point C shall be proportional to the weight 
of the other. Thus, suppose A to weigh 6 lbs. and B 1 lb., 

then A's distance from 
C must be to B'^s dis- 
tance as 1 to 6 ; for the 
weight 6 at the dis- 
tance 1 vrill have an 
action equal to that of 
the weight 1 at the dis« 
tance 6. Hence, as the 
weights A and B bear 
directly downwards, and 
as they balance one 
another at C, it is evi- 
dent that a support 
placed at C will sustain 
them both at rest, and will be pressed upon with the weight of 
both combined. It would be in this manner that we should 
ascertain the centre of gravity of a compound body, such as that 
of a man with a loaded basket on his back, when that of each of 
the parts, — ^the body and the basket, — is known ; for the com- 
mon centre will be in a line joining the two single centres, and 
will be found by dividing it in the proportion of the two weights, 
as in the last instance. 

120, Supposing that a third body, D, were connected with 
A and B, by a rod proceeding from the point C ; then the com- 
mon centre of gravity of all three bodies will be in the line C D, 
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since the weights of A and B may be regarded as concentrated 
at C, and act as if a single body of their total weight were placed 
there ; and it will be determined in the same manner as before. 
In like manner, if another body F be connected with the system, 
by a rod uniting it with the rest at their common centre of 
gravity, E, the centre of gravity of the four will be in the line 
between E and F ; and will be at such a distance from F, that its 
weight multiplied by the distance F G, shall be equal to the com- 
bined weights of the other bodies acting at the distance G E. In 
this manner, any number of bodies may be connected with the 
system ; or, in a system already existing, we may ascertain the 
common centre of gravity by a similar process. It will be here- 
after shown that the moon does not, strictly speaking, move 
round the earth ; but that, as the moon attracts the earth whilst 
the earth attracts the moon, both of them move round their 
common centre of gravity ; and that, in like manner, the sun 
and the whole solar system have a common centre of gravity, 
round which they all perform certain motions. As the bulk of 
the sun so enormously exceeds that of all the planets and their 
moons put together, the centre of gravity of the whole system 
(even supposing that all the planets were arranged in one direc- 
tion,) would be within the mass of the sun ; and as the place of 
the planets is constantly varying, this centre is continually shift- 
ing its position, so that the sun is drawn a little in one direction 
or another, according to the situation of the planets which have 
most influence over it. But these changes have all a tendency 
to counteract each other ; so that the place of the sun would be 
found to be the same at any period, as it was when the planets 
last bad the same position with respect to him and to each other. 



CHAPTER V. 

STABILITY OP STRUCTURES COMPOSED OF MOVABLE PARTS.— 

FRAME- WORK.— ARCH. 

121. We have hitherto considered the stability of bodies of 
determined forms; and have examined the circumstances in 
which they will stand or fall. We have now to inquire into 
the conditions that are requisite for the stability of bodies, of 
which the form is liable to change ; and to examine how those 
parts may be best connected together, so as to render them stable. 
It is upon such principles only that arches can be securely built , 
or that any kind of framing which is to support a heavy pressure 
can be constructed. 

122. The two most important classes of bodies of variable 
form are : 

I. Those which are composed of rods or cords, the parts of 
which are connected together at their angles, but movable about 
them. Of this kind are all sorts of frame- work; whether sup- 
ported on a solid base, like that of a roof; or suspended from fixed 
points^ as in the case of the suspension-bridge ; or intended to 
resist pressure in every direction, as that of a ship. 

II. Those which are composed of solid bodies in contact, whose 
surfaces are not held together in any other way than by their 
mutual pressures, or by imperfect adhesion. Of this kind are 
all buildings in which the arch is employed, especially bridges, 
domes, &c. 

123. The principle which should govern [the construction of 
frame-work, in order to insure its stability, is a very simple 
one. If we take three strips of wood, and pin them together 
at their ends in such a manner as to form a triangle, we shall 
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find tliat the shape of that triangle cannot be altered by pressure 
in any direction. But this is not true of any other figure. For 
let four rods be pinned together 
in the same manner, so as to 
make a four-sided or quadrila- 
teral figure of any shape, the 
form of this figure may be altered 
by pressure in any direction. If 
the opposite sides were originally 
parallel, they will always remain 
so ; but their inclination to the 
other sides may be made to vary 
in any degree, if the joints are 
movable. Still greater changes may be made in figures having 
a larger number of sides. Hence we see that, in the construction 
of framing of all kinds, this simple principle is to be followed ;— 
the parts of the framing are to be so united together, as to form a 
series of triangles, so that, as every one of these is immovable, 
the whole shall be also. Hence a framing so made will 
be able to resist any amount of pressure consistent with the 

strength of its materials. A very 
familiar illustration of this principle 
may be seen in the construction of 
the common gate. If made of 
upright and horizontal pieces only, 
it would have been liable to change 
its form, provided the framing were 
at all movable at the points where 
the pieces unite ; and the addition 
of any number of pieces in either of these directions would only 
have rendered it stronger by increasing the number of joints. But 
a single piece fixed diagonally will prevent any alteration in shape 
from taking place, even though the joints are by no means firm; for 
this converts the framing, from a set of movable parallelograms, 
into a series of triangles, every one of which is immovable. The 
shape of the gate cannot be altered without altering the length of 
the diagonal; and this change is prevented by the additional piece. 
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124. This principle is very extensively adopted in framing of 
all kinds. Thus in frames for wooden houses, such as are now 
frequently constructed in this country to be sent out to newly- 
settled colonies, or in those of oil-cloth factories (which are 
usually constructed on the same plan, as great size is required 
for them, without the strength which is necessary in mills), 
these diagonal pieces may always be seen, crossing the parallelo- 
grams which would be left between the upright and horizontal 
timbers. Although such parallel framing rests on a solid and 
extensive base, and would be able to resist a vast amount of 
pressure acting directly downwards, it would not be able to 
stand against a force acting sideways, as that of the wind ; and 
however great the mass of timber employed, the building would 
have no security against such a change of form as that repre- 
sented in Fig. 24, without the employment of diagonal braces. 
This principle has only been applied to ship-building, within a 
comparatively recent period ; it was introduced by Sir R. Sep- 
pings, to whom we owe several other important improvements 
in Naval Architecture. 

125, Frame- work may be very securely made upon the same 
plan, even when the centre of pressure is not directly supported. 
Thus, the large frames that form the centering on which stone 
arches are to be built, are constructed upon this principle, when 
the arch is of great size. Various plans may be employed for 
this purpose ; but in all of them the frame- work is so arranged, 
as to form a series of triangles. In the accompanying figure is 

_^^^^ represented one 

iiu///7777>>s^ mode of so con- 

§^^ structingthecen- 

^ tering of a large 

arch, that it shall 

not require any 

support but that 

given by the piers 

^'°-25- on which the arch 

is to rest. Up to the time when the arch is completed, its 

whole weight rests upon the centering ; and as any alteration 
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in the form of the latter ^11 displace the stones of which tha 
arch is to be Qomposed, and as everjr gucU displacement vrill 
greatly weaken the arch, it is of the utmost importance that 
the whole should be a perfectly immovable stractnre. The 
same plan of framing la adopted in the constmction of wooden 
and iron bridgea and roola. The accompanying figure shows 
the kind of fram- 
ing adopted in a 
timber - bridge 
erected over the 
Thames at Wal- 
ton. A much 
ampWplan may 
be adopted, how- 
ever, when the 
main beams of 
timber are so con- 
nected as to have Fid. se. 
the properties of the arch ; for the triangular fhiming is then 
required only to keep these in their proper position. It ia on 
this plan that the largest timber-bridges hare been constructed, 
such aa that which crosses the Schuylkill, at Philadelphia (§. 78). 



Such an arch may be made so flat as to have no inconvenient 
rise in the centre ; that of the Schuylkill bridge is only 20 feet 
in a length of 340 feet. 

126. The same kind of frame-work is employed in smal 
domes, in which neither masonry nor brick-work is required; 
and as every part is conneeted not only with those above and 
below it, but with those on each side, the pressure is «> distri- 
buted over the whole, that the top need not be closed in, hut may 
be left open for the purpose of affording light (Fig. 28). There is 
a tendency, however, at the lower part, as in the arch (§. 13?), to 
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the sepantion of the points of auppoit ; since the pressure will 
cause them to fall asunder, if the^ are sot properly kept together. 

OCDDDDDO 

cpnnnDDD 





In order to ^ve security enough, therefore, eepeeially in the 
Gonstmction of lar^e domes, it is found requinte either greatly to 
increase the thickness of the lower portion, or to bind it round 
with a strong hoop or chain. The former plan ifi that which 




was employed in the ancient dome of the Pantheon at Rome ; 
the latter in St. Peter's at Rome,* and St. Paul's in London. 

• Owing to lliii doma Inving b*m too hutily built, voriou* farli sf it lubaided 
in in nnequkl degnt ; ood the iroa baudg placed arouDd il were thua brolieD. 
New onsi of much larger liie bsvo been aiiiM placed round tbo dome ; but ttiera 
m erm now Mme laije cncki in it. 
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The construction of the dome of St. PaulX however, differs from 
that of most others : the external dome is of timber, the framing 
of which rests upon a conical tower of brick ; and upon the top 
of this also, the lantern, with its ball and cross, is supported. It 
is between this brick cone and the external dome, that the 
visitor ascends to the top ; and the framing which is represented 
in the preceding figure maybe thus seen by any one. There 
is an interior dome below the cone, having little connection with 
it; but its outward pressure^ as well as the weight of the exter- 
nal dome, has a tendency to force out the bottom of the brick 
cone ; and this is prevented by a strong chain, which encircles it 
near its base. 

127. When a system of rods or bars, freely jointed together, 
is hung from fixed points, it will naturally assume the position in 
which its own equilibrium is stable, — ^that, namely, to which it 
will return if disturbed. Thus we see that a chain composed 
of a number of short links, or a simple cord, supported at both 
ends, hangs in a regular curve, which is termed the catenary 
(from the Latin catena^ a chain) ; and that, if disturbed, it will 
return to this curve again. The mode in which this curve is 
occasioned by the downward force acting equally upon the parts 
of the chain or cord, can only be shown by a complex mathe- 
matical process ; and it is sufficient, therefore, here to state, that 
the property of the curve is such, that the tension or strain is the 
least at its middle point, and the greatest near the points of 
suspension, where it is equal to the whole weight of the cord. 
Hence, in order to be of equal strength throughout, the chain or 
cord should be made thicker near the points of suspension than 
elsewhere. 

128. A good illustration of the operation of the catenary 
curve, is seen when a ship is at anchor. The cable or chain which 
connects the ship and the anchor takes this curve ; and the force 
which acts upon the ship is not only the same, as if the resistance 
which the anchor gives were directly applied at the spot from 
which the cable issues, but is increased by as much of the weight 
of the cable itself as is not sustained by the water. Hence there 
is a great advantage in the use of iron chain-cables over hempen 
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cords ; for the latter, being nearly of the same weight with the 
water, are buoyed np by it, so that their action on the ship is 
Tery small ; and if it be impelled by the wind or waves, it drags 
directly upon the anchor. Bat, from the much greater density of 
the iron chain, it is but little supported by the water ; and nearly 
its whole weight is exerted in drawing the ship nearer to the 
anchor, so that the chain usually hangs in a deep curve. Hence 
when the ship is driven by the wind or waves in such a manner 
as to put an increased strain upon the cable, the large resistance 
produced by the weight of the chain has to be gradually over- 
come, before the ship can pull directly at the anchor. The ad- 
vantage, therefore, in substituting iron for hempen cables, consists 
in this, — that the latter have little tendency to prevent those 
sudden jerks, which occur when the ship is brought up by the 
tightening of the cable, and which not only strain the ship, but 
endanger the firmness of the anchor ; whilst the former gradually 
check its motion by their own weight, so that it often ceases 
before the chain is tightened so much as to permit such a strain. 
Another illustration may be found in the action of a horse in 
towing a barge ; the cord which connects them is a catenary ; 
and the effective force by which the barge is moved forward, is 
that which the horse exerts, with the weight of the cord added 
to it. 

129. The properties of the catenary have acquired much 
additional importance of late years, from the general use of that 
curve in the construction of suspension-bridges. These consist 
of massive chains, raised near each end on firm supports, and 
strongly fixed into the ground at their extremities. At equal 
distances from each other, along the whole length of these chains, 
there are fixed to them vertical rods, to which the roadway is 
hung. The weight of the bridge itself is so great in proportion 
to that of any load which would be likely to pass over it,^that 
the curve which depends on the former, will not be altered in 
any perceivable degree by the latter ; and thus the structure may, 
for all practical purposes, be regarded as perfectly stable (that 
is, up to the limit of the tenacity of its materials), although it is 
really capable of being disturbed by a very slight force. There 
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is one kind of force, however, which would seriouBil)'' affect any 
Buspension-bridge ; this is, the heav^ and measured tread of a 
large body of men. When it is remembered that their steps are 
flo many impaai all acting together, and that the impact even of 
ft light body produces greater dieturbance than the aimple pres- 
sure of a heavy one (Jj. 206), the danger of serious consequenceB, 
from the passage of a comparatively small number of soldiers 
over a saspenaion-bridge, is easily understood to be much greater 
than that which would result from the crowding of the whole 
surface of the bridge with persons standing stilL But such a 
curve may be easily disturbed by a force acting from below, or 
on the sides ; and in this manner suspension-bridges may be 
greatly injured by the wind, if it should be violent, or if it should 
blow for some 
time in the same 
direction. The 
Menai bridge is 
sometimes dis- 
turbed by the 
wind in snch a 
manner, that the 
road-way is lift- 
ed at some part 

. . / FlO. 30. 

into an eleva- 
tion, which travels like a wave from one end to the other. Tha 
length of this bridge, between the points of suspension, is 560 
feet ; and the height of the roadway above the water is 100 
feet. The total weight suspended by the chains (including their 
own) is about 489 tons. This bridge will be surpassed by the 
one in progress of erection over the Avon at Clifton. Its length 
between the points of suspension will be about 700 feet ; and its 
height above the river about 180 feet. The total length of this 
bridge, however, will not equal that of the Menai bridge, which 
is carried on arches for some distance. 

130. The principle of the suspension-bridge has been long 
employed in India and in South America. Many remarkable 
rope-bridges are described by the celebrated traveller Humboldt, 
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as establishing commumcations across the mountain torrents of 
the Andes. These are of the simplest possible construction; 
being made pf ropes (twisted from the fibres of the Agave Ameri- 
cana or American Aloe) stretched across from point to point as 
tightly as possible ; and upon these ropes is laid a flooring or 
roadway of bamboos. There is some danger incurred in passing 
these bridges, in consequence of their tendency to swing to one 
side or the other, according as the weight is distributed upoa 
them ; this may be partly prevented by ropes attached to the 
middle of the bridge, and stretching diagonally towards the shore. 
It is by means of a bridge of ropes of extraordinary length, which, 
may be traversed by loaded mules, that the South Americans 
have succeeded (within these few years) in establishing a perma- 
nent communication between the towns of Quito and Lima; 
after having failed in constructing a stone bridge over a torrent 
that descends between them. In India similar bridges have been 
lately constructed of canes, which grow to a length of above 200 
feet, and serve as admirable ropes ; their durability, however, is 
yet to be tested. 

131. It has been recently proposed to adapt the principle of 
the suspension-bridge to the roofing of very large buildings ; and 
there is much to be said in favour of the plan. 

132. Arch. The stability of the arch depends upon the 
proper arrangement of the pressures on its several parts, so that 
they may all resist and counteract each other. The subject is 

of so complex a nature, 
however, that a full ac- 
count of it would be quite 
unsuitable to the present 
work ; and all which it 
seems desirable to embrace 
here, are some of the 
general principles which 
have been obtained by 
mathematical investiga- 
tion. To understand these, it is necessary to be acquainted with 
vthe parts of which an arch consists. In the accompanying figure, 
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A C and B D, are the supports or piers of the arch, which is 
said to spring from A and B; AE and G F are ihejlanks; and G 
the crown. The wedge-shaped stones forming the arch are termed 
vatusoirs; the highest of these at G is the key-stone; the lower 
line of the arch is called the intrados, and the upper the extradot. 
Tbe line A B is the span of the arch ; and G H is its height 

133. The first question to be considered in the theory of the 
arch, is, how it may be so built, that all its parts shall remain in 
equilibrium, even though unconnected by cement, and not held 
together by the friction of their surfaces. It is not difficult to 
understand the general principle on which this must be done. 
Let us first suppose a number of flat stones or of books to be piled 
one upon another, and a heavy weight to be pressing vertically 
on the highest ; this pile will be perfectly secure, so long as no 
force acts upon it in any other direction ; since the weight of its 
several parts, and the pressure acting on the highest, unite to 
force each of them directly downwards on the one below, — that 
is, in a line exactly perpendicular to the surfaces in contact, so 
that neither will have any tendency to slide upon that below it* 
But if the surface of one or more of the stones be inclined, the 
perpendicular force, together with the weight of the stones theidL« 
selves, will give this stone a tendency to slide upon the one below 
it ; and the pile will thus yield, if the steepness of that surface 
be sufficient to cause the pressure to overcome the friction, pro- 
duced by the sliding of one upon the other. Or let the pressure 
upon the highest stone not be in a direction exactly downwards ; 
it will then give the stones of the pile a tendency either to slip 
or to turn upon one another, according to the direction of the 
force ; but this tendency will be partly neutralized by the weight 
of the stones themselves, which will tend to keep them in their 
places. 

134. We have seen that, when the direction of the pressure 
produced by the earth's attraction is such that it falls within the 
base or surface on which the body is resting, the body will be 
stable ; and the same is true of any other pressure. Thus, if 
we lay a box upon the table, and press it with the hand in such 
a direction, ihat the line of pressure still falls within the base 
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on wliicli it rests, this new pressure will not tend to upset it, 
but will only cause it to slide along the table, if the surfaces are 
smooth enough. But if the direction of the force be such that 
it does nof pass through the base or surface of support, then the 
box will have a tendency to turn over, unless kept down by its 
own weight. In order to ascertain the combined effect of these 
two forces, we have only to find their resultant^ according to the 
principles to be explained in the next chapter (§. 163) ; if this 
resultant falls within the base or surface of pressure, the box 
retains its position ; but if not, it is overturned. It is further 
to be remembered that, the nearer the line of pressure falls 
towards the centre of the base or surface of pressure, the more, 
secure will be the body from being upset. 

135. The same principles apply to pressure in any direction. 
Thus we might place a pile of books, or of flat stones, in a slanting 
or even a horizontal position, and retain them there by priessure 
applied against their surfaces; provided this pressure be suf- 
ficient to overcome the effect of their weight. The most advan- 
tageous direction of such pressure would be that, in which the 
resultant of this and of the downward pressure (or weight of the 
pile,) should be perpendicular to the surfaces in contact. 

136. This principle embodies the whole theory of the simple 
arch ; and it is only in the application of it to practice that a 
difficulty exists. It may be shown that, in an arch shaped like 
that in Fig. 32, the line of pressure (which is the resultant of 
the different forces acting on the arch) will follow the curve 
S B B' S\ Thus at the top, the pressure will be sideways and 

partly downwards ; and will 
be nearly perpendicular to the 
surfaces of the key-stone and 
the voussoirs on each side of 
it, so that they have no ten- 
dency to become displaced. 
The line of pressure then 
bends downwards, but still 
F'O'32. falls upon some part of the 

surface of each voussoir, until it comes to B^ where it touches- 
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the intradoS) and falls therefore on the edge of the surface of 
support. At this point, then, the voussoirs have no stability, 
and may be easily displaced by pressure applied there. From 
B, the line again bends outwards towards S ; and at S it cuts 
the extrados, so as to fall completely without the surface of 
pressure. If such an arch were constructed of uncemented 
stones, therefore, it would fall by the turning outwards of the 
Toussoirs at S and S' ; the voussoirs between B and S would 
continue to rest upon them : _^-t — .»^ 



but those above R and R' 
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would fall inwards. If this ILJV ^"^*0^ 

were prevented by additional 'I — I V^ 

pressure at S and S', there J^ LJ s 

would be no tendency to a f [ f^Ii 

&lling-in at the crown ; since I — I | 

with whatever force the two 
parts above R and R' tend to 
fall inwards, the two are balanced against each other. By 
increasing the weight of the stones at the lower part of the arch, 
and by giving a proper direction to their surfaces, it is possible 
so to construct an arch, that it shall retain its form without 
cement between the voussoirs, and without any assistance from 
the friction of their surfaces ; but such an arch, though the forces 
produced by its own pressure would be in equilibrium, would 
not be able to resist a force applied to it in any particular direc- 
tion, such as that produced by a load passing over it. The 
shifting of the surfaces of the voussoirs would be resisted, 
however, by their friction ; and this increases with the load that 
is laid upon them. It is further resisted in practice by the 
cement interposed between them ; which, if it held them per- 
fectly together, would render the whole as one mass. 

137. It is obvious that, the flatter the arch, the greater will 
be its outward pressure. This may be easily shown by a simple 
experiment. Let a thin lath of wood be bent into a curve, and 
placed upright like an arch, with its ends kept at a certain 
distance from #u}h other by two heavy weights ; it will then be 
found that, if the weights do not move, the lath will sustain a 
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Tery heavy pressure on the top of its curve. If the curve be 
highy the principal part of this pressure goes datumtcards through 
the ends of the lath, to the surface on which they rest ; and the 
pressure against the weights is not considerable. But if the 
arch be nearly flat, the greater part of the pressure is exerted 
against the weights at the side, which may be moved from their 
places by^a comparatively small pressure on the crown of the 
arch. Hence we see the necessity of great firmness in the 
abutments against which an arch rests at its sides ; and this is the 
case whether the arch be of stone, wood, or iron. Where a 
bridge is composed of several arches, the outward pressure of each 
of the middle arches is counterbalanced by the antagonist pres- 
sure of those on either side of it ; so that the pressure upon the 
piers on which they rest is downwards only, — the lateral 
pressure or thrust being sustained by the abutments at the 
extremities. Hence the piers must be so built as to support a 
considerable weight ; and in rivers in which there is a rapid 
current, or in which masses of floating ice are liable to be carried 
down by the stream, these piers must have great solidity, in 
order to maintain the stability of the bridge. In general they 
are built with their greatest length in the direction of the stream ; 
and with the surfaces facing the current pointed like a wedge, in 
order to present as little resistance as possible. Great care should 
always be taken in the construction of a bridge or any other arch, 
to procure abutments which shall remain perfectly immovable ; 
since a very slight yielding on their parts will greatly alter the 
form of the arch, and may destroy its stability. In general it is 
so managed, that the abutment shall be part of the solid bank of 
the stream ; but it is occasionally necessary to substitute for this, 
either in part or entirely, masses of solid masonry. 

138. In the building of a bridge, it is requisite to consider 
not merely the weight of the arch itself, and the load which may 
have to pass over it, but also the weight of the materials laid 
upon the arch for the purpose of rendering the roadway as little 
inclined as possible. To a certain extent, this weight will he 
advantageous, in preventing the flanks of the arcVfrom turning 
outwards (as in Fig. 33) ; and the greatest thickness is at the 
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point 'where the pressure may be advaDtageously exerted. But 

if the flanks be overloadeil, they will be pressed inwards, and 

the crown of the arch will be forced up. This occurrence has 

more than once taken place. It happened to a bridge formerly 

built over tlie Taff iu Glamorganshire, the arch of wbicb was 

pnrposely made high, in order to aTold its destruction by the 

maBses of timber &c., brought down by the stream when swollen 

by floods, which 

had caused the 

fall of a preri- 

ons bridge. The 

persevering ar- 

cliitect (who ' 

^ras an ordinary ' 

vmrkingmason) ' 

then deTised a i 

most ingenious < 

bridge, a riew 

of which is here 

given. He made ^'°- "■ 

the arch high as before ; but lightened the weight bearing on the 

flanks, by leaving large open spaces in the stone-work, l^e 

span of this curious bridge, which notwithstanding its flimsy 

appearance, is perfectly secure, is rather more than 140 feet, and 

its height is 35 feet. 

139. Arches may be constmcted with stones of irregnlaf 
form, or even with bricks ; in these, however, the cement per- 
forms an essential part, since there is no proySsion for stability in 
the portions of the arch itself. The more completely the cement 
unites the whole into a solid mass, the more firm will he the 
structure. Many very large bridges and viaducts of brick have 
been erected in the several lines of railway recently constructed ; 
and in many of these, the passage beneath the arch is not directly 
across its length, but is more or less inclined towards it, so as 
sometimes to form but a small angle with it. Such are termed 
*£ew arches. 



CHAPTER VI 

OP INERTIA AS A PROPERTY OF MATTER.— LAWS OP MOTION, 
COMPOSITION AND RESOLUTION OP FORCES, EFFECTS OP 
IMPACT. 

140, There are few errors more common, than that of suppos- 
ing that the movement of a hody, once set in motion, ceases 
because its force is worn out or spent* The state of motion is as 
natural to a body as that of rest ; and no change can be made in 
its state, whether the setting it in motion when at rest, or the 
bringing it to rest when in motion, without the application of a 
force. This is taught us by common experience* Thus if we 
put a carriage into motion by a push behind it, and a person 
standing in front checks its movement by pushing in the opposite 
direction, — the force the latter will be obliged to exert in order 
to check it, will be just the same as that which the former 
employed to put it in motion. Or suppose we cause a wheel to 
revolve quickly on its axle by the impulse of the hand, and pre- 
sently apply the hand to check it, the hand will be struck with 
a force equal to that which it applied to the wheel* Or if a 
carriage be put in motion by horses, and they be made to stop it 
suddenly ; as much exertion is required from them to do this, as 
to hack it when at rest. A body in motion, then^ has no more 
power of bringing itself to rest, than a body at rest has of setting 
itself in motion. 

141. The idea that matter has a greater tendency to the state 
of rest than to that of motion, results from the fact, that all the 
motions of which we see the commencement, gradually become 
weaker and weaker, and at last cease altogether. Thus, when a 
pendulum is set swinging, the space through which it moves gra- 
dually becomes less and less, and at last it stops, if it be not 
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connected witli any machinery to give it continual impnlses. Or 
we set a top spinning ; and this revolves gradually more and 
more slowly, and at last ceases. Or we roll a ball over a smooth 
road, and this too has but a limited movement. But in all these, 
as in other instances of bodies moving on the surface of our earth, 
there are causes which are continually acting against the move- 
ment, and are therefore constantly diminishing its force. These 
causes are friction^ and the remtance of the air. 

142. By friction is meant the loss of force which is produced 
by the rubbing together of two surfaces, of which one is moving 
over the other ; it is influenced in its amount by the roughness 
or smoothness of the surfaces, the pressure that brings them 
together, the rapidity of movement, &c. Thus, if two pieces of 
rough board be rubbed together, the friction will be considerable, 
the projections of one being caught in the hollows of the other ; 
on the other hand, if two pieces of ice be rubbed together, the 
amount of friction will be comparatively small. Again, if one 
of the surfaces of the rough boards were fixed, and the other 
were moved over it under a heavy load, the force necessary to 
make the one slide over the other would be \eiy much increased. 
Or, lastly, if the motion of the two surfaces against each other 
be very rapid, the friction is greatly increased in amount ; as is 
shown by the quantity of heat which is then produced, which 
may be even sufficient to set the wood on fire. The precise laws 
regulating the amount of friction, and the influence of different 
kinds of surface upon it, will be considered hereafter. (Chap. XII.) 
Kow, as all bodies upon this globe have a tendency to press 
downwards towards its centre, it is evident that none can remain 
witliout a support of some kind ; and that there must be friction 
between the bodies and their supports, whenever either are moved 
without the other. The only case that appears an exception to 
this, is the motion of bodies through water; but this, too, is 
accompanied with a considerable amount of friction. When a 
heavy body is moving through the air, it is continually being 
drawn downwards by the earth's attraction, and cannot, there- 
fore, be said to' be moving on a support. 

143. The resistance of the air is another cause by which all 
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motion on the earth's surface is retarded. ^ Of this we may easily 
become sensible by waving the hand rapidly through the air, 
with the palm or back of the hand opposed to the direction in 
which we strike ; we then feel the resistance of the air, which is 
much diminished when we move the hand edgeways, so that a 
much smaller surface is opposed to it. We feel it still more 
strongly, when we hold an open umbrella against the wind ; or 
when we draw one, with its concave side forwards, through the 
calm air of a room. This resistance, being a constantly-acting 
force, must continually retard the velocity of any body which 
is moving through the air, and must gradually check it. Its 
influence is well seen by causing two wheels, of the same dimen- 
mons and weight, and supported in the same manner,->-but one 
having vanes opposed to the direction in which the wheel revolves, 
whilst those of the latter are in the same plane with it, — to be 
set in action by the same force. The wheel with the vanes 
opposed to the air will be soonest brought to a stand by its 
resistance ; but if the two be placed in a vessel exhausted of its 
air, and be then set in action as before, the times during which 
they will continue to revolve vdll be equal. The greatest amount 
of the air's resistance is exerted, therefore, against bodies with the 
largest surface : and it does not operate at all against a perfectly 
circular body, such as a top, which is made to revolve upon one 
point vnthout moving onwards. Tlie resistance of the air is 
peculiarly seen in the slowness it produces in the fall of bodies 
which expose to it a large surface in proportion to their weight, 
— such as leaves, feathers, shreds of paper, &c. These we are 
consequently in the habit of calling li^ht bodies ; yet the earth's 
attraction, if it were not resisted by the air, would bring them 
down to its surface as fast as the heaviest masses (§. 253). 

144. That the motion of a body, when not retarded by these 
or any other opposing causes, will continue for an indeEnite 
period, there is the most satisfactory evidence, derived from 
those cases in which they are reduced to their smallest possible 
amount Every reduction in the amount of friction, and of the 
air's resistance, is attended with a proportional increase in the 
continuance of the motion. Thus, when the body is made to 
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bear upon a single hard point, which has itself but a slow leTO- 
lution, the friction is greatly diminished ; and if it be quite 
circular, and keep spinning like a top upon the same point, the 
resistance of the air will not operate against it, — though there will 
be a certain degree oi friction between the surface of the body and 
the air in contact with it, which would still cause the revolution 
to cease sooner in the air than in a vacuum. The heavier the 
body thus put in motion, the longer it will continue ; since its 
force will be in direct proportion to its weight (its velocity 
remaining the same), whilst the retarding causes do not increase 
in the same proportion. Mr. Roberts of Manchester is said to 
have constructed a body, presenting as little resistance as possible 
to the air, and truly balanced upon a fine point ; so that, when 
it is put in motion upon this point, it will not lose the force of its 
motion, but will continue to spin for 43 minutes. If this were 
made to revolve in a vacuum, its revolution would continue for 
several hours. A pendulum, suspended in such a manner as to 
have as little friction as possible, has been known to continue its 
vibrations for more than a day. 

145. In order to have absolute proof, however, of the perma- 
nence of motion, when there is no retarding force applied to 
check it, we must look towards a class of bodies, which are not 
influenced in their movements either by friction or the resistance 
of air. These we shall find among the heavenly bodies : they 
are the planets and their satellites, — ^the comets,— and, as there 
is now good reason to believe, many of the (so-called) fixed stars. 
Their movements have continued for ages, without the slightest 
tendency to diminution ; — they commenced, when they were first 
impelled hy the hand of the Creator, to traverse the paths they 
still describe ; and these they will continue to traverse, with liie 
same undiminished force, so long as it shall be His will to per- 
mit them. All force is but the direct or indirect operation of the 
Creator's power ; and it would be totally wrong to say that He 
does not continue to exert this, in sustaining the movements of 
the planets, as in providing for the well-being of the living inha- 
bitants of their surface. Without His energy nothing could con- 
tinue to exist ; for all the properties of matter are the result of 
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His ordinations. When we say, therefore, that it is the property 
of any mass of matter to attract another, — or that it is tho 
property of matter to continue in the state of rest or motion in 
which it may he, so long as no new force acts upon it, — ^we 
mean no more than that the Creator is continually acting in 
these methods, which, for wise and good purposes He has pre- 
scribed to Himself. As the sacred poet has beautifully sung :•— 

^ Hii piercing eye at once sanrejs 
Where thouund sans and systems blaze* 

And where the sparrow falls ; 
While seraphs tune their harps on high. 
His ear attends the softest cry, 
When human misery calls." 

■ 

146. The Divine energy is exerted as much in sustuning the 
commonest movements on the surface of the globe, as it is in 
upholding the planets in their majestic orbits ; and when we say 
that these continue to revolve with the force impressed upon them 
at the creation of the sjrstem, nothing else is meant than that 
they have received no new impulse, but that their revolutions 
have continued in the same perfectly uniform and equable manner, 
because they are not affected by any forces, either retarding or 
accelerating. Such proof would not be satisfactory, if it could 
not be shown (as it will hereafter be, §. 173), that the movements 
of the planets are perfectly analogous to the movements of bodies 
on the surface of the earth, being produced by the combined 
effects of two causes, the tendency to move forwards in a straight 
line, and the attraction of the sun ; and that we have a right, 
therefore, to extend that principle to one class of bodies, which 
can only show itself in full action in the other* 

First Law of Motion* 

147. We are now, therefore, prepared to understand and to 
admit the first of the three laws of motion, which was stated by 
Newton in the following terms : — " Eeery body mmt persevere in 
its state ofrest^ or of uniform motion in a straight line^ unless it hd 
compelled to change that state by forces impressed upon it" That 
bodies have a tendency to remain in a state of rest, unless they 
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are acted on by some force external to themselves,*-— or, in other 
words, that they have not the power of spontaneotuly putting 
themselves in motion, — ^is a fact with which every one is familiar. 
But it has now been shown, that bodies have in themselves no 
greater tendency or power to come to a state of rest whilst in 
motion, than to put themselves in motion when at rest ; since 
that gradual diminution of their movement, which we commonly 
witness, is due to the influence of forces external to them. 
Hence we are led to understand, that it is one of the fundamental 
properties of matter, that it tends always to remain in the same 
state, whatever that state may be. This property is termed 
inertia. The meaning of the term, in the Latin language (from 
which it is taken), is strictly inactivity; and the term was 
applied, when it was imagined that the state of rest is that which 
is natural to the body, and that the state of motion is forced, — 
an idea which was not altogether dropped until Newton proved 
its falsity. The English word which most nearly expresses the 
meaning that philosophers now attach to the term inertia, is 
passiveness; by which we understand the tendency of matter to 
continue in its previous state, whatever that may be, and the 
power of being influenced by any force brought to bear upon it. 
As the term inertia is in constant use, however, it will be much 
better to employ it here ; and it cannot be misunderstood, if due 
attention be given to a few examples of its application. 

148. When a railway-train is first put in motion by its loco- 
motive engine, its movement is very slow ; its speed is gradually 
increased, however ; and at last it is raised to the full amount 
that the engine is capable of producing. When it is necessary 
to stop the train, the action of the engine is checked whilst the 
tndu is still at a long distance from its stopping-place ; and the 
movement of the train gradually becomes slower, until it is at 
last brought to rest. Now let us examine the nature of this 
simple and familiar operation. The loaded railway-train is a 
heavy mass of matter, which, by its inertia, would remain at rest 
for any length of time, unless some power were applied for the 
purpose of moving it. But the engine is attached, the steam 

* Of cottTBe we are here speaking of inanimate bodies only. 

i2 
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put on, its power applied, and the train begins to move very 
slowly. The engine pulls with exactly the same amount of force 
at first that it does afterwards ; and therefore the first slow 
movement of the train is a measure of the amount of that force. 
But the motion of the train gradually becomes faster ; why is 
this ? It is due to the spontaneous continuance of the motion 
first communicated to the train ;' and to the continued addition 
of new force exerted by the engine. Suppose that, after 
having put the train into very slow movement, the engine- 
power were shut off; the motion of the train at the same rate 
would continue for some time, in consequence of its inertia. 
During every instant, therefore, the train is carried on by its 
own tendency to keep moving, at the rate which it had acquired 
the instant before ; and it is also constantly receiving a constant 
addition of new force from the engine. Its rate of motion, ther&- 
fore, gradually increases ; and the train continues to move faster 
and faster, until its full speed is attained. 

149. Thus, then, we see that the inertia of the train is the 
force which has to be overcome by the action of the engine, in 
setting the train in motion; and that it is the same inertia 
which tends to keep the train at the rate of motion, which shall 
have been communicated to it at any particular period. This 
inertia, then, resists the action of any new force, when the train 
is in motion, just as much as when the train is at rest; so that 
the same engine-power will be required, to increase the velocity 
of the train from 15 to 20 miles per hour, as to put the train in 
motion at first, at the rate of 5 miles per hour.* If it were not 
for the inertia, or tendency to permanence of motion, there would 
be no increase in the speed of the train ; for the engine could 
only drag it along at a very slow rate, if the power which it 
applied at one minute were quite lost at the next. 

150. We might be led to imagine from this reasoning, that 
the speed of a train ought to be continually increasing without 

• This is not strictly correct in practice ; but the variation is caused by friction 
and the resistance of the air : since there is more difference between the friction 
and resistance which oppose the change from a state of rest to a speed of five miles 
per hour, than there is between the amounts that would operate at a speed of 
fifteen and twenty miles. (See J. 386.) 
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limit; since the previous force is constantly acting, and a new 
force being continually applied. But this is not the case ; for 
there is a certain amount of speed whicli cannot be increased, 
unless the engine-power be augmented. The reason is this. By no 
means the whole of the engine-power is expended in overcoming 
the inertia of the train ; for a large part of it goes to counter- 
balance the opposing effects of friction, and the resistance of the 
air. Now these opposing forces continue to increase with the 
velocity acquired ; and at last they become so great, as to equal 
the power of the engine ; so that, when a certain speed has been 
attained, the steam-power is entirely expended in keeping up 
that speed by overcoming these obstacles, and there is conse- 
quently no force left to produce an increase in it. But suppose 
an additional power to be applied ;— there would then be a 
further increase to the speed ; but friction and the resistance of 
the air would also increase in a very large proportion ; so that 
these will soon counterbalance the engine-power, and any further 
increase, therefore, will be prevented. 

151. The operation of these causes in preventing the increase 
of speed beyond a certain point, is well seen in some experiments 
which were made a few years since on the Liverpool and Manches- 
ter Railway, for the purpose of determining their effects. There 
is an incline on that railway, in which the road rises 1 foot for 
every 89 feet of its length. When a loaded carriage is let to 
run down this incline by its own force, its motion is at first slow^ 
but it continues to increase at a rapid rate, under the continued 
influence of the eartVs attraction, just as it would under the 
application of engine-power. If this increase continued uni- 
formly, the carriage would have an immense velocity by the time 
it reached the bottom of the incline, (§. 260) ; but it is found by 
experiment that it does not continue to increase beyond a certain 
point, — about 35 miles per hour ; since at that point the friction 
and resistance of the air are so great, as to counterbalance the 
continued influence of gravity, so that the carriage moves on only 
at the rate it had previously acquired. 

162. The inertia of the train is further seen, to great advan- 
tage, when the steam is shut off, for the purpose of bringing it to^ 
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a stand. If a heavily loaded train, moving at the rate of 40 
miles an hour, were thus left to itself, it would probably not 
come to rest until it had run two or three miles along the rail- 
way; the gradual diminution of its motion being due to the 
retarding causes just mentioned, which are now unbalanced by 
any forward impulse. But if this were the only mode of stopping 
the train, there would be great loss of time ; since it would be 
necessary to shut off the steam two or three miles from the 
stopping- place, and to let the velocity of the train be gradually 
diminished during the whole of that distance. This difficulty is 
easily got over, however, by the application of increased friction 
to the wheels of the carriages, which causes their motion to be 
much more rapidly retarded ; so that the full velocity may be 
kept up, and the steam-power continually applied, until the 
train has arrived at a distance of perhaps only half a mile from 
the station. This increased friction is applied by means of a screw 
turned by a handle ; which, by means of a system of levers, 
brings blocks of wood to bear against the wheels of each carriage. 
The power thus gained gives a very complete control over the 
movement of the train ; so that, by a more or less forcible appli- 
cation of the friction-blocks, the train may be brought to a «tand 
more or less rapidly, and may be made to stop at any desired point. 
153. The preceding example has been fully entered into ; 
because it affords a very good illustration of the principle of 
inertia. There are many others, equally familiar, which need 
now be only slightly noticed. The flying of the dust out of a 
carpet on one side, when it is struck on the other, is a very good 
illustration of the tendency to permanence in motion once com- 
municated ; the blow gives motion to the carpet and to the dust 
which it contains ; but whilst the former can yield but little, 
the latter can move freely, and is thus driven out of the carpet. 
When a man rides in a carriage or on horseback, be feels, at first 
suddenly starting, a tendency to fall backwards ; this is produced 
by his inertia (which then tends to keep him at rest), at the 
moment that the forward motion is being communicated to him. 
But if, when in rapid motion, the carriage or the horse is sud- 
denly checked, the man feels a tendency to be tlirown forwards, 
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which he can scarcely resist if he he not prepared for it. A 
ludicrous instance of this occurred some years ago, shortly 
after the general peace. A troop of yeomanry which was raised 
ahout that time, was supplied with horses from one of the cavalry 
regiments then disbanded ; and these horses were well trained to 
obey the word of command. On the first day of exercise, the 
whole line was advancing at a brisk trot, when the word '^ halt" 
was given, the horses immediately obeyed it, and stood still ; 
whilst the riders, who had been accustomed to use some little 
exertion in pulling in their steeds when they desired them to 
stand still, were thrown, almost to a man, over their horses' 
heads, — ^fortunately without any serious injury, the ground being 
soft. Here the inertia acted by its tendency to keep their bodies 
in that state of motion, in which they were at the moment of the. 
horses^ halting. 

. 154. If a man stand upright in a boat, as it approaches the* 
shore, he will be in great danger of falling forwards, if the boat 
should suddenly strike the ground ; for, its motion being checked, 
his own inertia will tend to carry forwards his body, especially 
the upper part of it which is most distant from the point of sup- 
port. The best way of avoiding such an accident, is to stand 
facing the shore, with one foot planted a good deal in front o£ 
the other, so as to resist the forward tendency of the body at the 
moment of the boat's grounding. Again, when a man jumps^ 
from a carriage in rapid motion, he is likely to receive severe 
injury ; since the motion he possessed, in the act of quitting the 
carriage, will tend to throw him prostrate as soon as he reaches the 
ground, — his feet being there arrested, whilst the tendency to 
movement still continues to act on the upper part of his body., 
His only way of avoiding this, is to jump with his face in the 
direction of the movement, and to commence running forwards 
immediately that he touches the ground. The best way of doing, 
this, is to descend from the back of the carriage, rather than from 
its side ; since the force of the leap backwards will partly conn* 
terbalance the forward movement. It is from the same action 
of inertia in producing a tendency to continued movement, that 
a race-horse, whatever efforts he make to check himself, cannot 
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come to a stand-stifl until he has long past the winning-post ;— 
or, again, that a man can leap further, when he has heen ahle to 
take a previous run sufficiently long to get up his full speed. 

155. The mode commonly adopted hy workmen, of fixing 
tools into handleSvOr handles into tools, is founded on the same 
principle ; although they know nothing hut that it is successful in 
practice. Thus, in fixing a handle into the hole in the head of the 
hammer,the lattier is put loosely upon its top, and the lower end of 
the handle is then struck smartly upon the work-hench ; this has 
tlie effect of suddenly arresting the handle, whilst hoth it and 
the hammer-head are in rapid movement; and the latter is 
thrown upon the former, and fixed firmly upon it, hy the action 
of its inertia. The same happens, if a chisel or file is to he 
fixed into a handle; for, if the lower end of the handle he 
struck in the same manner, the chisel will tend to- bury its lower 
end in its top, by the continuance of its own movement. On 
the other hand, if we dedire to loosen the wedge that holds in 
the iron of the common plane, we strike the back of the plane 
rather smartly with the hammer ; the body of the plane is thus 
thrown suddenly forwards, but the wedge has a tendency, by its 
own inertia, to be left behind ; and as its direction is partly 
backwards, it springs from its place. 

156. These illustrations are quite sufficient to bring home to 
the mind the general principle,- that motion once communicated 
to a body has a tendency to continue ; and that it can only be 
increased or diminished, by a force applied to the body in the 
direction of its movement or opposed to it. Hence we see the 
truth of that part of the law, which states that bodies will per- 
severe in a state of tmiform motion, unless affected by some 
external force. By uniform motion is meant a movement con- 
tinued always at the same rale, — ^that is, the same amount of 
space passed over in the same time. If a body in a state of 
uniform motion, have a new force applied to it^r a moment^ it 
will have its motion increased by the same amount which the 
force would have produced had the body been at rest ; but its 
motion will then continue at a uniform rate, though faster than 
before. Every successive impulse it may receive will act thus 
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upon it. We may concGive, for example, a heavy, smooth iron 
ball to be rolling along asurfttee of ice (in which case its friction 
will be yery small) ; and to pass, in its course, a number of 
persons provided with bats, each of whom gives it a stroke equal 
to that by wliich it was at first impelled. The rate of its 
motion, therefore, will be progressively increased to twice, three 
times, four times, &c. the rate with which it started, in propor- 
tion to the number of additional impulses it has received ; but 
its rate of movement between each impulse will be uniform, and 
its increase will be sudden. An increasing: motion of this kind 
is said to be accelerated. Now when the new force is continually 
operating, instead of being applied at intervals, it will be con- 
tinually increasing the velocity with which the body moves ; 
and this increase will be equal in equal times, since the force 
applied is equal. Such a regular increase would take place in 
the p.pplication of steam-power to propel a railway-train, as 
already explained (§. 148), or in the motion of a carriage down 
an inclined plane (§. 151) ; were it not for the obstacles occasioned 
by friction and the resistance of the air. It is best seen in the 
descent of falling bodies, in which there is ho friction but that 
of the air (Chap. VIII). Motion, whose rate is thus being 
constantly and regularly increased, is said to be uniformly 
accelerated, 

. 157. On the other hand, an opposing force will produce 
results exactly analogous, in retarding the velocity of a body 
which is being carried on by its inertia in a uniform motion. 
For if a body in rapid movement meet with an obstacle which 
is not powerful enough to check its motion altogether, and 
which does not alter its course, it will continue with a motion 
diminished in a degree proportional to the force thus acting 
against it. Thus suppose, as in the former case, the ball rolling 
ta the ice with a certain velocity, produced by the combined 
impulses of a certain number of bats ; and let it Ihen pass by 
another set of bats, of which every one gives it the same amount 
of impulse in a direction contrary to that of its movement : — 
then (leaving the loss by friction and resistance of the air out of 
eonsideration) just so many of these retarding impulses would 
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be required, to check its motion and bring it altogether to a 
stand, as there were propelling impulses to produce that motion. 
This may perhaps be made plainer by the following arrange- 
ment of figures — 

Accelerating Retarding. 

A 1—2—3—4—5—6 6'— 5'— 4'— 3'— 2'— I'B. 



Suppose the ball to be impelled at A with a force that carries it 
onward towards B, with a Telocity of 1 yard per second; it 
continues to move with that uniform velocity, until it receives 
another equal impulse at 2, which causes it to move onwards 
with a uniform speed of 2 yards per second ; at 3, 4, 5, and 6 
it" receives successive impulses, each equal to the first ; and its 
velocity is thus increased to 6 yards per second, with which it 
moves at an uniform ra£e from 6 to 6\ At 6\ however, it. 
receives an impulse to the same amount, but in a direction that 
would carry it towards A ; this destroys the effect of its forward 
impulse at 6, and reduces its velocity to 5 yards per second. At 
5' it receives another backward impulse, which reduces its 
velocity to 4 yards ; and the same takes place at 4', 3^, and 2' ; 
80 that after passing 2^, it has a velocity of only 1 yard per 
second. This is destroyed by the last backward impulse it 
receives at 1'; which neutralizes the effect of the forward 
impulse it had received at 1, and brings the body to rest at B. 
Now if the retarding force be acting constantly, instead of at 
intervals, it will produce a uniformly retarded motion : this is 
the kind of movement, which the retarding influences of friction 
and the resistance of the air would produce, in a railway-train, 
left to itself by shutting off the steam when it is in rapid move- 
ment, or in a wheel rapidly whirled round on its axle ; and it is 
the same which happens, under the retarding influence of the 
earth'^s attraction, when a stone is flung directly upwards into 
the air. 

158. The continued motion of a body left to itself after being 
propelled, will not only be uniform in its rate (provided that it 
be not acted on by any new accelerating or retarding forces), but 
it will go on in the same straight line. Thb seems to require no 
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explanation, since the fact is familiar to every one. In the roll- 
ing of a hall along the ground, the sliding of a hoy upon the ice, 
the trundling of a hoop, and many other such common actions, 
we see examples of this principle. If the tendency to continued 
movement in a straight line^ indeed, were not a part of this 
simple law of motion, all that has heen said in regard to accele- 
rated motion would he worthless and untrue ; since, if the hody 
should have a tendency to go off in any other direction, the new 
impulses' would not act upon it in the same line with the old, and 
great irregularity would be the result. The effects of a new force 
applied in a different direction to that in which a body is moving, 
-—or of two forces acting on a body at the same time, in differ- 
ent directions, — will come to be considered under the next head ; 
and it will be there seen, that all movements which are not in 
a straight line (like those of the planets in their orbits) are owing 
to the combined action of two or more forces. 

159. The continued uniform motion of a body in a straight 
line is, in fact, merely the result of the tendency of its motion to 
permanence, not only in degree but also in direction. No one 
can doubt this tendency, who has ever noticed a loaded carriage, 
ascending the first part of a hill, with scarcely any effort on the 
part of the horses, solely by the force it had acquired during its 
preceding descent down another hill; or who has noticed the. 
swinging of the pendulum as far in the upward direction, as it 
has just descended ; or who has seen, in the " Russian Moun- 
tains," as they are termed, a carriage passing up and down over 
a long series of double inclined planes, by the force it had 
acquired in descending the first ; or who has witnessed that still 
more remarkable manifestation of acquired force which is shown 
in the action of the " Centrifugal Railway" (§. 222). In the 
coursivg of a hare by a greyhound, the movements of the hare 
seem to be instinctively directed by the same principle ; for 
the dovhling of the hare — ^that is, her sudden change of direction 
to the one almost opposite to that at which she had been running' 
— enables her to gain upon the greyhound; since his comparatively 
heavy body, in rapid motion, is carried by its inertia much 
beyond the spot at which the hare had doubled, before he can 
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can change his direction in pursuit of the hare, ^ho has gained 
ground in the mean time. There would be no difficulty in mul- 
tiplying illustrations of this first law of motion ; since there is 
scarcely an action that takes place around us, in which it does 
not operate. 

Second Law of Motion, — Composition of Forces. 

160. The second of the laws of motion expresses certain 
general facts relative to the action of new forces upon bodies 
already in motion, or in the act of being set in motion. ^^ Every 
change of motion must he proportional to the impressed foree^ 
and its direction will depend upon that of the straight line in 
which the force is impressed** Thus, if a ball be rolling along 
the ground with a force that would carry it to a point A, and it 
be struck on one side with a blow which, had it been at rest, 
would have sent it to B, it will not go either to A or B, but to a 
point between them. This principle is very readily understood ; 
but the precise rule which governs the motion of a body, thus acted 
on by two or more forces at the same time, requires some expla- 
nation. 

161. We will first suppose two forces to be pulling the same 
body in directions exactly contrary (as if v^e were to fasten two 
horses of equal power, one to the front, and the other to the back 
of a carriage) ; it is evident that the body will not be moved in 
either direction. But if one force were greater than the other, it 
would be pulled in the direction of that one, vdth an amount of 
force equal to the difference between the two. Thus if one of the 
forces. A, be pulling with a power of 16 lbs., and the other, B, be 
pulling against it with a power of 15 lbs., the body will be moved in 
the direction of A, with a force of 1 pound. On the other hand, if 
they were both pulling in the same direction, the body would 
be moved towards them with a force of 31 lbs. Now it is 
obvious that, if they be made to pull neither exactly against 
each other, nor in the same direction, they will neutralize each 
other in a greater or less degree, and the body will not be moved 
in the direction of either. The law by which the direction 
and amount of the body's motion is determined under such 
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circumstances, is termed that of the composition of forces ; because 
it enables us to ascertain the combined action of any two forces ; 
acting in any direction. It is simply this. 

162. If a body at A be acted on at the same moment, 
by one force which would have 
driven it to B, and by another 
which would have carried it to 
C, it moves in the direction AD, 
the diagonal of a parallelogram, 
of which A B and A C form 
two sides ; and its amount is ^'°- ^ 
determined by the length of the diagonal, compared with that of 
either of the sides. Thus if the force acting in the direction A B 
would have carried the ball over a length of 5 parts, and the force 
acting in the direction AC, would have carried it over a length of 3 
parts, the diagonal AD contains 6 such parts, and shows that the 
body would have moved with a force sufl5cient to carry it to that 
distance. Hence, if we desire to know the direction taken by a 
body, acted on at the same time by two forces of different 
amounts and in different directions, we draw the two lines, AB and 
AC, expressing the direction and amount of them ; we then draw 
CD parallel to AB, and BD parallel to AD, so as to complete 
the parallelogram ; and by drawing the diagonal B D, we obtain 
the direction and amount of the force, which results from the union 
of the two. This force is called the resultant. It is not difficult 
to understand the reason of this. The change of place which the 
body will undergo becomes ultimately the same, whether the 
two forces act upon it at the same moment, or one of them does 
not act until after the other has finished. Thus, if the force A B 
had carried the body to B, and a force equivalent to A C were 
then to act upon it, it would be carried by this to D ; since B D 
is equal to A C, and in the same direction with it. If, therefore, 
the two forces act at the same time, the body will be carried by 
them to D, but along the direct line A D. 

1 63. Not only may we thus express the combined action of 
ttto forces by a single line ; but that of any number of forces may 
be determined in a similar manner. For suppose a body at to 
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be pulled by five different forces in the directions O A, O B, 0, 
O D, and O E, we might determine the combined result of all, 
by first finding, according to the method just described, the 
resultant of any two, say O A and O B, which will be a line 
between them. This resultant may next be combined with a 
third force, C ; and their resultant with O D ; so that the 
resultant of these last, being combined with O E^ would give a 
line that would represent the whole of the acting forces, and would 
express their combined direction and amount. But this may 
be ascertained in a shorter mode, by following out the idea that the 
result will be the same, if the forces act one after the other and not 
at one moment. For if we draw a line from A, parallel and equal 
to O B, it will bring us to the point 5, at which the body would 
arrive by the combined action of O A and O B. From h we 



Fio. 36. 

draw a similar line^in the direction of and equal to it ; this 
line brings us to c^ the point at which the body would arrive by 
the additioiial action of O C ; and by drawing the similar lines 
e d and d «, in the direction of O D and O E respectively, and 
equal to them, we shall find the point ^, at which the body will 
arrive by the combined action of all the five forces. By joining 
O ey we shall obtain the direction in which the body will really 
move, under the combined influence of all of them acting together; 
and the amount of this general resulting force is determined, as 
before, by comparing the length of this line, with the lengths of 
the lines that represent the several forces. 

164; A number of familiar examples might be mentioned, to 
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diow how continually this principle is in operation around us. If 
a boat be rowed across a river where there is no current, it will 
reach the point opposite to that from which it started, if rowed 
in a direct line towards it. But if there be a current, it will be 
necessary, in order to prevent being carried to another point, to 
direct the head of the boat in some degree towards the current. 
For, suppose that the boat requires a quarter of an hour to cross 
a river, and that a current is setting down the stream at the rate 
of four miles an hour ; the boat, if rowed in the direction of the 
opposite point, would be carried a mile down the stream, during 
the time required to cross it. Hence it will be necessary to 
direct it towards a point higher by a mile than the opposite one ; 
and the force expended by the rower in urging it forwards in 
this direction, combined with the force of the current, will cause 
the boat to move across the river in the direction required. A 
similar effect will be produced by the combined action of wind 
and tide acting upon a vessel in different directions. Thus, if the 
wind, be driving it forwards in the line of the keel, and the tide 
be drifting it sideways, the real movement will be in a diagonal 
to a parallelogram, of which the sides represent the direction 
and force of these two propelling powers. 

165. The fall of a body from the top of the mast of a vessel 
that is moving rapidly through the water, is another instance of 
the composition of motion. It might have been expected that, 
as the vessel sails forwards a certain space during the descent of 
the stone, this would fall so much behind the foot of the mast. 
But such is not the case ; for, if the vessel be in regular motion, 
the stone will fall in exactly the same place as if the vessel were 
not moving at all. The reason is this. The stone, at the 
moment at which it is let go from the hand, partakes of the on- 
ward motion of the vessel ; and it does not really fall, therefore, 
in a perpendicular line, but exactly in that curve which it would 
describe, if thrown from the top of a house with a force which 
would carry it to the distance from its bottom, that the vessel 
would traverse in the same time. Thus, suppose the height of the 
mast to be 144 feet, — ^the stone would fall through this space in 3 
seconds (§. 242). The vessel moves onwards during this time at 
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the rate of 8 miles an hour, which is at about 35 feet in three 
seconds. The stone having, when it is let fall, an onward motion 
of 8 miles an hour, will fall at a point 30 feet distant from the 
perpendicular through which it would otherwise have descended ; 
but if the vessel have been moving on regularly during that time, 
this will be exactly at the foot of the mast. 

166, In the same manner are produced some of those feats of 
horsemanship, which, when thus explained, are found to be less 
wonderful than they seem to be at first sight. Thus a man, 
standing on the saddle of a horse at full gallop, jumps from it, 
and alights again at some distance, the horse having passed over 
a space of many yards in the time between his leaving the saddle 
and returning to it ; but he does not really jump forwards ; for, 
as he partakes of the motion of the horse at the time of leaving 
it, this carries him on at the rate necessary to bring him down 
upon the saddle again, after having jumped upwards as if he were 
leaping from the floor. In this manner he may be carried through 
a hoop, without any other than an upward jump. But if he 
were to jump from the saddle of a horse at rest, and the horse 
were to be put in motion at that instant, he would be left behind 
by just the amount that the horse had moved in the interval. 
Or let it be supposed that the horse had been in rapid movement 
at the time of his upward leap, and had then been suddenly 
checked or retarded, he would be thrown forwards, as in the 
first instance, and would descend again just where the saddle 
would have been, if the horse's rate of motion had continued. 

167. Tliere is a very interesting example of the composition 
of motion, from which direct proof may be drawn tliat the Earth 
really turns round upon its own axis. A stone let fall from the 
top of a high tower, does not fall exactly at its foot, but at a 
certain distance to the eastward. The reason is simply this. 
The top of the tower and its base are not moving round the 
earth's centre at the same rate ; for the top moves through a 
larger circle than the bottom, and will, therefore, pass over a 
longer space in the same time. This will be seen by reference 
to Fig. 12 (§. 93) ; for, if A a be the tower, and it be carried by 
the earth'*s revolution into the position B by the top will pass over 
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a larger space than tbe bottom. The stone, when let fall from 
the top, partakes of iti movement ; and as, during the time of its 
descent, the bottom of the tower has not passed on quite so far 
as it has itself done, it will fall a little in front of this> — ^that i% 
in the direction of the earth's movement, or eastwards. 

1 68. The most constantly-acting example of the composition 
of force, is that in which the motion of a body in a curve is pro- 
duced by the combined action of two forces. It has been seen 
. that, by the first law of motion,' the action of a single force can 
never cause a body to move in any thing else than a straight 
line. And when two or more forces, each of such a nature as to 
produce a uniform motion, act together upon a body, an interme- 
diate straight path is the result. But if one of these forces be of 
such a kind as to produce a uniform motion, and the other a uni- 
formly accelerated motion (like that of a falling body. Chap, viii.), 
a curved line will be the 
result. Thus, suppose a 
ball fired by a cannon 
from the top of a high 
tower, exactly in the ho- 
rizontal direction ; — ^from 
the moment it has left 
the mouth of the gun, the 
force of gravity begins to 
act upon it, and draws it 
towards the ground. This 
force produces exactly the 
same effect upon it, as if 
it were falling perpendi- 
cularly from the tower, so 
that it will reach the 
ground in the same time ; 
but it will have moved 
to a greater or less dis- 
tance from the tower, according to the force with which it was 
projected from the gun. In its descent it will describe a 
peculiar curve, termed the parabola. 
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169. ThiB will be made evident by the preceding diagram. 
Let the line A B express the distance to which the body will 
have moved in 5 seconds, if influenced only by the force of the 
gnn, at a uniform velocity indicated by the equal divisions c, 
d^ e^ /. And let A C represent^the line through which the 
body would have fallen in 5 seconds, if influenced only by the 
attraction of the earth ; this movement is not uniform, being 
at the rate of 16 feet the first second, 48 the second^ 80 the 
third, 112 the fourth, and 144 the fifth (§. 241). Now in order to 
determine the course of the body, when acted on by both 
forces, we draw a line from c^ parallel and equal to A 1; 
then, according to the law already, stated, the point ^ will 
be that reached by the body in the first second, under the 
combined influence of the forces A c, and A 1. In order to 
determine its course in the next second, we draw a line, ^ A, in 
the same direction with c d^ and equal to it ; this line, there- 
fore, represents the action of the force c d upon the body when 
its position has been changed^ from c to g. In like manner, 
a line, hj^ parallel and equal to 1 2, will represent its action on 
the body ; and the point i will be that which it will have reached 
at the end of the 2nd second. In the same['manner, by making 
j k and k I parallel and equal iode and 2 3 respectively, we shall 
find / the position of the body at the end of the 3rd second ; and 
continuing the same process, we shall get n the position of the 
body at the end of the 4th second, and p its place at the end of 
the 5th second. 

170. Thus we see that by the combined action of these 
two forces, the body will pass from A to /> in 5 seconds; 
and the same point would have been attained, if both the forces 
had been uniform. In that case, however, the body would have 
moved in a straight line ; in the present case it does not, but 
passes through the points ^, i, /, and n. For exactly the same 
reason, it does not move in a straight line from A to ^, or from 
^ to t ; because the force of gravity is producing a continually- 
accelerated motion downwards, during any single second, as 
during the whole five. The line which is actually traversed is the 
curve which has been drawn through the points A, g, hl^fh P » 
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and this curve, known in geometry by the name of the parabola, 
is that through which a falling body will always move, when 
it has received a horizontal impulse at the same time. The 
same curve is described by a ball fired from a gun directed partly 
upwards; for in this case, according to the law of retarded 
motion (§• 250), the upward direction will be gradually, and at 
last completely, neutralized by the action of the earth ; and it 
will then begin to descend, its onward motion being continued 
during the whole time. 

171. Another most important case of movement in a curved 
line, results from the combined action of two forces, one of which 
constantly draws the body towards a given centre,^round which 
it is thus made to 
revolve. Thus let 
a body have receiv- ^ 
ed ah impulse wliich 
would carry it in the 
direction A B ; and 
at the same time be 
subject to an attrac- 
tion which would 
constantly draw it 
towards the centre 
C If this attrac- 
tion be such as 
would cause the 
body to fall through 
the space A /in the 
same time that it 
would have moved 
through A e, it will in reality reach the point g. But at that 
time the direction of its movement is so changed, that, if left to 
itself, it would pass on in the line g h; the direction of the attrac- 
tion is also changed, so that if the body were influenced by it 
alone, it would fall in the line g i. But the two forces being 
balanced against each other as before, its real movement will be 
to k; and in this manner it will describe a circle round the point C. 

k2 
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172. But in order that a circle may be tbe curve in which the 
body will moye, there must be a fixed proportion between the 
force by which it was first projected, and the force of attraction ; 
and if this proportion do not exist, or any cause alter it after it 
has once existed, a different curve will be the result. For suppose 
the attraction towards the centre to be greater in proportion to 
tiie projectile force than it was in the former case, then the body, 
instead of moving through a space equal to A /, whilst it is 

traversing A ^,wonld 
fall through A I; 
and, consequently, 
instead of moving 
through the curve 
A ffj which- is part 
of a circle, it will 
traverse A m, which 
is part of an ellipse 
or oval. By the 
time it has got to 
m, it will have ap- 
proached nearer to 
the centre of attrac- 
tion; and the force 
with which it is drawn towards that centre, instead of continuing 
the same, as in the former case, is increased, according to the law 
already stated (§. 90). This increased attraction will cause it, in 
its next period^ to perform such a curved movement that it will 
approach the centre still more ; and the same result will continue, 
until it reaches the point D, on the opposite side of the centre of 
attraction to that from which it started, by passing through a 
curve which will form half of an ellipse or oval. But when it 
reaches that point, its motion towards the centre will cease, and 
it will begin to recede from it again ; and this results from the 
following cause. Whilst the body has been moving from A to 
D, its velocity has been continually increasing, in consequence 
of its having been influenced by a constantly increasing attractive 

force, just as if it were falling directly towards tbe centre ; hence 
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it will pass through, in equal times, the portions of the curve 
A m, f» n, and n o. If its distance from the centre have 
diminished to one-half A C, the velocity will he doubled ; so 
that the body would only occupy half the time to go through 
the space D p that it formerly would have required to traverse 
A m. This increased velocity will tend to balance the increased 
attraction; so that instead of still further approaching C, or 
moving in a circle to s^ the body will continue to move in 
an elliptical curve, and will recede to /?, by the combined 
operation of the projectile force that would have carried it to q^ 
and the force of attraction which would have drawn it to r. By 
the continuance of the same mutual action, the body will be 
carried through the remainder of the ellipse, and will arrive again 
at A, ready to go through the same rotation. 

173. The ellipse is the curve which the planets traverse in 
their rotation round the sun. The orbits (or paths through 
which they move) of none of them are quite circular ; and they 
depart more or less from that form, in proportion as there was a 
want of the original balance between the two forces. In some 
instances, the length of the oval is very much greater than its 
breadth ; and the orbit is then said to be very eccentric. This 
is the case especially with the comets. In these instances, the 
movement of the body in the portion of the ellipse nearest the 
sun is accomplished with enormous rapidity ; whilst in the most 
distant part of the orbit, it is proportionally slow. When a 
body moves round another in an ellipse, the place of the latter is 
not in the centre, but in one of the two points termed by mathe- 
maticians the foci of the ellipse ; the situation of which is such, 
that if a line be drawn from each of them to any point of the 
curve, the sum of these two lines shall be constantly equal. 
(The point C, in Fig. 39, is the situation of one of these foci.) 
In proportion as the eccentricity of an ellipse diminishes, the 
foci approach each other ; and at last they meet, so that the 
figure becomes a circle. The application of these statements to 
the movements of the heavenly bodies will be explained in a 
subsequent part of the volume. 

174. ResoLution of Forces. — It has been shown that we may 
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represent the combined action of any two uniformly-acting forces, 
by a straight line drawn diagonally in an intermediate direction 
(§. 162). But we may also represent a known force equiyalent 
to A D (Fig. 35) as resulting from the combined action of two 
supposed forces, acting in the directions A C and A B, and equal 
to them in amount. This it is often necessary to do, in order to 
ascertain the really acting portion of a force, of which a part is 
resisted ; and the process, being the reverse of that which has 
been explained as the composition of forces, is termed their 
resolution. A good illustration of it is derived from the action 
of a side wind upon a vessel in propelling it forwards. In order 
to take advantage of such a wind, the sails are set in such a way 
^at their hinder surface shall be obliquely directed towards it. 
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Let VS be the line of the vessel's length, C D the direction of the 
wind, and A B the direction in which the sail is set. Now the 
line C D, which represents in amount and direction the force of 
the wind, may be considered as the diagonal of a parallelogram, 
of which one side is formed by the surface of the sail, and another 
by the line E D perpendicular to the sail ; and the force of the 
wind may thus be resolved into the two forces ED and DF. 



THIRD LAW OF MOTION. 135 

The latter has obvioasly no influence on the sail, so that the 
former represents the real action of the wind upon it. If the 
vessel were so formed as to move through the water with equal 
readiness in any direction, it would thus be propelled by the 
wind in the direction D G ; but this is not the case, since 
the vessel will move much more readily in the line D H than 
in the line D I. In order to ascertain the real action of the 
force D G, therefore, we must construct a parallelogram of which 
this shall be the diagonal, and D H and D I the two sides; DH 
will then represent the force with which the wind propels the 
vessel forwards; and DI the amount to which it would be 
drifted sideways, if not ^resisted by the water. This drift is 
termed leewat/ ; and the amount of it will depend greatly upon 
the build and rigging of the vessel. By a comparison of the 
adjoining figures, the mode in which the same wind will propel 
two vessels in opposite directions, with the same or different 
amounts of force, will be readily understood. 



Third Law of Motion. 

1 75. The laws of motion whicli have been illustrated in the 
preceding cases, apply to every single mass of matter ; and if 
one alone existed in the universe, they would still hold good. 
But the third law relates to the action of different bodies upon 
each other ; and for its operation, therefore, two bodies at least 
are necessary. It is expressed Jn the following terms : — Action 
mttst always he equal and contrary to reaction ; or the actions of 
two bodies upon each other must be equal, and directed against 
contrary sides, 

176. The simplest case of the action of one body upon 
another, is where a body in motion, which we may call A, strikes 
upon another equal body at rest, which may be termed B ; if 
there is nothing to resist B's movement, it will be put in motion 
by the force impressed upon it by A, and the two bodies will 
move onwards together. But their motion will be only half as 
rapid as that of A was previously ; for its force has now to be 
distributed over twice the quantity of matter, and will therefore 
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only move it with half the velocity. The force with which A 
and B respectively move, is the same, since they have the same 
weight and the same velocity ; and thus it is evident that B has 
received from A an amount of force equal to that which A has 
lost. Hence B*s reaction on A is equal to A's (iction on B. la 
all such cases, the rate of motion after the impdct (or blow of one 
body upon the other) is the same for both bodies, whatever 
be their relative size ; and hence the moving body must be 
retarded by the loss of the amount of force, which has been ex* 
pended in putting in motion ^the body that was previously at 
rest. Thus supposing that A were^only half as heavy as B, and 
its rate of motion, previously to the impact, were 12 feet per 
second, it is obvious that the force with which A was previously 
moving, will have to be distributed over the combined masses of 
A and B, an amount equal to 3 times its own ; and the velocity 
of the two, after impact, will, therefore, be only one-third of A's 
previous velocity, or 4 feet per second. Or supposing that A be 
equal to twice B, the conjoined weight of the two will be to A's 
original weight as 3 to 2 ; and their united velocity after impact 
will be to A's previous velocity as 2 to 3, or 8 feet per second. 
In any case, then, the re-action of B in retarding A'*s motion is 
precisely equal to the action of A in communicating motion to C 
177. The amount of force with which a body in motion will 
strike against 2i. fixed obstacle, or against another body in motion, 
depends upon two conditions, — its weight, and its velocity or 
rate of movement. This must be evident to every one. If two 
bodies of the same weight are moving with different velocities, 
that one will strike the hardest which is moving the fastest ; 
or if two bodies of different sizes be moving with the same 
velocity, the larger will strike the hardest. Thus we see that 
the force depends upon both the weight and the velocity ; so 
that a small body, moving very fast, may strike with more force 
than a very large body, moving at a comparatively slow rate ; or 
a very large body, though moving slowly, may have more force 
than a much smaller one having many times the speed. The 
force of a body in motion, thus compounded of its weight and 
velocity, is termed its momenivm ; and it is estimated by multi- 
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plying these two quantities togethet. In tbia manner, we may 
always compare, without difficulty, the momenta of bodies hav- 
ing very dif- ^ .--^;.-;.-- ^ 

feient weights 
and rates of 
motion ; and 
may ascerUun 
which will be 
most effectual 

for a ^ven ^^ 

purpose. 

Thus if the velocity of a cannon-ball, weighing 20 lbs., be 1200 
feet'per second, its momentum will be represented by the num- 
ber 24,000. Now suppose a battering-ram, such as that employed 
by the ancients, 
to weigh 2000 
lbs., and to have 
a motion of 8 
feet per second; 
its momentum 
will be only 
16,000 ; and it 
is therefore a 
much less effec- 
tor instmment 
than the can- 
non-ball for de- 

. ,, , , PI0.4S. 

molisfamg a 

wall. But, on the other hand, let a large ship, weighing SOOO ' 
tons, be moving though the water at a rate of 1 j foot per second 
(about 1 mile per hour) ; and it runs foul of a small vessel moving 
in the opposite direction at the rate of 1 feet per second, but only 
weighing 200 tons ; the momentum of the large vessel will be 
very much the greater of the two, since 2000 X 1^ = 3000, and 
200 X 10 = 2000. It is from the amount of motion distributed 
through its vast bulk, that a large ship, whose advance is so slow 
aa to be scarcely perceptible, crushes, in an instant, a strong boat 
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which may happen to intervene between itself and a pier which it 
is neariDg ; and it is from the action of a similar amount of force, 
which shows itself in giving a much more rapid movement to a 
smaller body, that the cannon-ball derives its destructive power. 

178. The same amount of force, expended in putting in 
motion a heavy and a light body, will always produce the same 
amount of momentum ; and thus the velocity communicated wiU 
be in the contrary proportion to its size. Thus a force which 
will move a weight of 20 lbs. through 100 feet per second, 
will move 100 lbs. through only 20 feet per second; for 
it will have the same effect, in the latter case, as if it was 
exerted on five bodies weighing 20 lbs. each ; and it is easy to 
understand that a given amount of force will have only one-fifth 
of the efi^ect upon each of five balls, that it would have on 
one. It is through this cause, that a man having a heavy anvil 
laid upon his chest, can allow it to be struck with a sledge- 
hammer; the same blow from which, if struck directly upon 
his chest, or upon a thin plate of metal lying upon it, would be 
fatal. For the sledge-hammer is a small body which derives its 
force from its velocity ; and when it strikes upon the anvil, it 
cannot commupicate to it the same amount of velocity, but an 
amount proportionally less as the weight of the anvil is greater 
than its own. 

179. It is on account of the momentum which the particles 
of bodies acquire by rapid motion, that even the hardest sub- 
stances may be cut or perforated by substances much softer than 
themselves ; or large solid masses by minute separate particles, if 
they are made to move fast enough. Thus a piece of hard steel, 
such as a file, may be cut with great ease by the edge of a cir- 
cular plate of soft iron, made to revolve in a lathe with great 
rapidity ; and the lapidary cuts the hardest stones (except the 
diamond) by means of emery powder, the particles of which are 
carried round by a plate of soft iron, or lead, made to turn in a 
similar manner. It is on the same principle, that a deal-board 
may be perforated by a tallow-candle fired from a musket. This 
curious effect partly depends upon the principle, that, in all cases 
in which one body acts upon another, a certain time is required 
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for the coininunication of the action through the several parti- 
cles of the latter ; that is, in the case of the impact of one body 
npon another, a certain time elapses before the parts in the 
immediate neighbourhood of the part struck are affected by it. 

1 80. Hence, even soft bodies may offer a considerable resist- 
ance, though only for a moment ; since the surface struck cannot 
3rield, until the parts beneath or around are displaced ; and for 
this a certain time is required. If we strike the palm of the hand 
flat upon the surface of water, the blow is resisted at the first 
instant almost as though by a solid body; and many persons, who 
have jumped into water, head foremost, from a great height, 
have been killed by the impact of the head upon the water, 
the reaction of the liquid being, for the moment, almost as great 
as that of a solid would have been. The method of avoiding 
such an injury, is to bring the two hands together above the 
head ; so that the hands and arms form a kind of wedge, which 
cleaves the water, and prepares the way for the head. The 
resisting power momentarily exerted by water, is well seen in 
the common boy's sport of '^ ducks and drakes ;" which consists 
in throwing a flat stone, or pebble, along the surface of water, 
in such a manner that, whilst it has a rapid onward movement, 
it shall be caused by the force of gravity to descend, so as to 
impinge or strike upon the liquid ; the momentary reaction of 
the water upon it is almost the same as if the surface had been 
solid, and the stone glances upwards again, continuing its onward 
movement; it is presently again brought downwards by the 
force of gravity, and again glances upwards ; and the same kind 
of movement continues until the onward force is nearly spent. 
The same thing happens even with a round cannon-ball (to which 
the water offers less resistance than to a flat surface), in conse- 
quence of its great velocity ; and it is said that a leaden bullet 
has even been flattened by water, from the like cause. 

181. The same explanation applies to many other curious 
effects produced by bodies in rapid motion. A musket-ball will 
pass through a pane of glass without cracking it; for the impres- 
sion produced on the surface by the first impact, has not time to 
propagate itself so as to crack the pane, before the ball has passed 
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througli. The same ball moving more slowly, as when thrown 
by the hand, would shatter the whole pane ; because its force is 
not sufficiently great to enable it to pass through the glass, before 
the effect of its impact has been distributed. In like manner, a 
sheet of paper placed edgeways, may be perforated by a pistol- 
ball, without being knocked down ; and a door half open, may 
be pierced by a cannon-ball without being shut. A cannon-ball 
has been known to carry off the extremity of a musket, without 
the stroke being felt by the soldier who carried it ; as the head of 
a thistle may be struck off by a rapid blow, without the stalk 
being bent.* It is for this reason that the effects of cannon-balls 
are so different, according as they strike the object soon after 
they have quitted the gun, or are spent — ^that is, have lost the 
greater part of their velocity, by the resistance which has been 
opposed to their movement. A ball moving with great velocity, 
passes through a thick mass of woqd, as the side of a ship, leaving 
a clear aperture ; whilst a spent ball splinters it. Th^ military or 
naval surgeon is well aware of the difference between the effects 
of the two ; for whilst a ball moving with great velocity may 
take off a limb with almost as regular and clean a wound as if it 
had been cut with a sharp instrument^ the blow of a spent ball 
shatters the limb without separating it, splintering the bone, and 
bruising the soft parts in a way that makes the injury really 
more severe than the former. The fact eliould be borne in mind| 
that even sharp clean wounds may be produced by a blunt 
instrument, if moved sufficiently fast; for cases of suspected 
murder have arisen, in which much depended upon the determi- 
nation of the instrument with which the wounds were inflicted ; 
and a difficulty has been sometimes felt, in consequence of a 
want of apparent correspondence between the wound and the 
suspected instrument, which a knowledge of this principle would 
have removed. 

182. Impact occurs, however, not only when a body in 
motion strikes another which was previously at rest ; but when 
a body in motion overtakes another in less rapid motion in the 
same or a similar direction, or meets another which is moving 
towards it. When a body in motion overtakes and impinges on 
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another moving less rapidly in the same direction, the two will 
move onwards after impact at an equal rate ; and this rate will 
be such, that the combined momentum (§. 177) of the two 
bodies will be equal to the sum of the momenta which they 
previously had. Thus, if a body, A, of 10 lbs. weight be moving 
at the rate of 12 feet per second, and it overtake another body, 
B, of 15 lbs. weight, moving afc the rate of 7 feot in a second, 
the two will move onwards together at a rate of 9 feet per 
second. For the momentum of A is (10 x 12) 120, whilst 
that of B is (15 x 7) 105 ; the sum of the momenta is, there- 
fore, 225 ; and this is equally distributed through the combined 
weights A and B (25 lbs.), giving to each of them, therefore, a 
velocity of 9 feet per second. 

) 183. On the other hand, if a body moving in one direction 
meei another moving in the opposite direction, their momenta, if 
previously equal, will neutralize or destroy one another, so that 
both bodies (if not elastic) will remain at rest. But if one have 
a greater momentum than the other, this will neutralize or 
destroy the less momentum of the other, and will itself be neu- 
tralized or destroyed to the same amount ; whilst the force that 
remains will be expended in giving to both bodies a movement 
in the direction in which it acts. Thus if A have a weight of 
10 lbs., and it be moving with a velocity of 12, and it meet B 
having a weight of 151bs. and a velocity of 8, they will both 
come to rest; since their momenta, exerted in opposite direc- 
tions, are equal, being both expressed by the number 120. But 
if A have a weight of lOlbs., and be moving at the velocity of 
12, whilst B, having a weight of 15, has a velocity of only 3, 
the momentum of A will be to that of B as 120 is to 45. Of 
A'^s momentum, therefore, a quantity equal to B's will be ex- 
pended in checking its motion ; whilst the remainder, 75, will 
be distributed equally through A and B, as if B had been at 
rest ; and, since their combined weight is 25, it will give them a 
velocity of 3. In these, as in the previous instances, therefore, 
the reaction of B upon A is precisely the same as the action of 
A upon B. 

184. In the case of two non-elastic bodies, therefore, there 
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is an absolute loss of motion, when the impinging bodies move 
in opposite directions. The results which will occur, if the bodies 

are not moving in directions 
exactly opposite or exactly 
the same, may be eaaly 
calculated according to the 
law of composition and re- 
solution of forces. Thus, 
let the body A, moving in 
the direction A C, meet the 
equal mass B, moving in 
the direction B D. Now 
if these lines, A C and B D, 
represent their respective ve- 
locities before impact, their 
Telocities and directions after 
impact must be thus determined. A line, M O, must be drawn 
through their centres and the point of contact ; and the force of each 
body must be resolved into two forces, one moving in the direc- 
tion of that line, and the other at right angles to it. Hence A C 
will be represented by the two sides, A M and A L, or M C and 
L C, of the parallelogram of which it is the diagonal ; whilst 
B D will be represented in like manner by B K and B N, or 
K D and N D. Now it is obvious that the forces L C and K D 
can have no action on each other ; whilst N D and M C are 
directly opposed to one another, and their effect must be deter- 
mined by the rules already given. Let it be supposed that the 
masses A and B, and their previous velocities M C and N D, 
are such, that, after the stroke, the body A, if previously moving 
in the direction M C, would have been retarded so much as only 
to reach O, whilst the body B is driven back to G. Then the 
motion of A after the impact will be compounded of C I, the 
line in which it would have moved if operated on by L C alone, 
and C O, the amount it would have traversed if carried on by 
what remained of M C ; and this combined force is represented 
by the diagonal G E. In like manner, the motion of B after the 
impact is expressed by D G and D H combined into the diagonal, 
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D F. The results will be very different if the bodies are elastic. 

(§. 193.) 

185. Many examples of the operation of this law of motion 
are to be found in occurrences daily taking place around us. 
One of the most familiar is the recoil of fire-arms when dis* 
charged. The motion of the ball is given to it, by the sudden 
and enormous expansion of a small quantity of solid gunpowder, 
into gases whose bulk is very great in proportion. This expan- 
sion exerts an equal force in all directions ; and the tendency of 
the gun to move backwards is exactly the same as that of the 
ball to move forwards; but as it has to act upon a much larger 
mass of matter in the one case than in the other, the velocity 
given to the cannon is not so great as that imparted to the ball, 
though its momentum is precisely the same. A light gun, 
therefore, will recoil more than a heavy one. If the recoil be 
prevented by the fixture of the gun, its force is exerted upon the 
fastenings, and the mass to which they connect it. When the 
whole broadside of a ship of war is fired at once, the combined 
force of the recoil of the several guns is enough to make her 
heel towards the opposite side ; and if guns be discharged from 
her stem alone, they will accelerate her forward movement 
through the water, whilst if fired from her bows they will retard 
it. So decided is the effect thus produced, that it has been 
proposed to propel a ship in a calm, by firing guns from the 
stem at short intervals ; but it has been found that the advantage 
gained does not compensate for the quantity of powder employed. 

186. Another kind of illustration may be drawn from the 
effects of impact on our own bodies. If a man, walking or 
running, encounter another man standing still, each suffers 
equally from the collision; and this will be more severe, in 
proportion as the movement is quicker. On the other hand, if 
two persons, walking or rtmning in opposite directions, encounter 
one another, they will suffer as much as if one had been at rest 
and the other had been moving with the combined velocity of 
both. When the fist of the pugilist strikes the body of his 
antagonist, it sustains as great a shock as it gives ; but the pro- 
portion of pain and injury experienced by each wUl depend on 



144 EFFECTS OF IMPACT. 

the nature of the part struck. When fist meets fist, howeTer> 
each part is alike sensitive; and the effect is douhled by the 
motion of the two, being the same as that which the fist of each 
would experience, if it were struck by the other moving with the 
combined velocity of both. In the same manner, when two ships 
run foul of each other at sea, the injury is as much greater than 
that which either would sustain by running against a fixed ob- 
stacle, as the conjoined momentum of both ships is greater than 
that of either singly. Thus, if a ship of 500 tons burthen be 
sailing in one direction at the rate of eight knots an hour, and 
a ship of 400 tons be sailing in the other direction at the rate of 
ten knots an hour, the momentum of each will be 4000 ; and 
the injury sustained will be the same, as if either had run with 
twice its velocity on the other whilst remaining at rest. It is 
quite a mistake to suppose that, when a small and a large body 
encounter, the small body suffers a greater shock than the large 
one : the shock which they sustain must be the same, but the 
large body may not show its effects so obviously. Thus, when 
a large vessel nmi down a smaller one at sea, it does so in virtue 
of its greater momentum, which prevails over the less momentum 
of the small vessel, forcing it to a sudden change of direction, in 
which change it is upset and sinks. The velocity of the large 
vessel is retarded just in proportion to the momentum of the 
vessel which it has struck ; but it does not manifest any other 
injury from the collision, because its stronger construction 
enables it better to sustain its effects. In the case of the 
pugilist, however, the effect of the blow may be felt much more 
by the large body struck, than by the fist that strikes ; on 
account of the greater sensitiveness of the part. 

187. The effects of impact are modified in a considerable 
degree by the nature of the substances which come into col- 
lision. In the rules which have been given for determining 
these effects, they have been hitherto considered as unpossessed 
of elasticity (§. 57), — that is, as being incapable of recovering 
their original state, after this has been altered by some external 
force. But most bodies possess a certain degree of elasticity; 
and the effects of thb will modify considerably the results of 
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impact. We shall first consider these results, in the case of 
bodies that are perfectly elastic ; but it will be desirable to give 
a previous example of the operation of elasticity. Suppose 
a string to be stretched between two fixed points, and extended 
with a great force applied to its ends* Now a moderate force 
applied to its side, especially at the middle of its length, will 
draw it out of its straight position, the elasticity of the string 
permitting a certain amount of extension of its length. The 
greater the force used, the more will the string be drawn out of 
the straight line. Now if let go, the string will not only return 
to its original situation, but will go fax beyond it on the other 
side ; nearly as far, in fact, as it had been at first. It will then 
again return to the centre, and pass it ; and will reach a point 
near that from which it had been at first let go. The same 
action will then take place again and again; and a series of 
vibrations will thus take place, resembling those of the pendulum, 
each less than the preceding, until the string comes at last to 
rest. It is by these vibrations, communicated to the air, that 
sound is produced.* 

188. If the string were perfectly elastic, and its vibrations 
took place in a vacuum, they would have no tendency to come 
to an end ; but would continue for ever, like the vibrations of 
a pendulum in a vacuum and without friction (§. 144). The 
reason is this. When the string has been drawn out of the 
straight line, it has a certain tendency, in virtue of its elasticity, 
to return to it ; and this tendency is the greater, in proportion 
to the alteration in form which the string has sustained. Its 
particles are thus all put in motion ; and by the time that the 
string has reached the straight line (at which point the original 
moving force ceases) they have acquired momentum sufficient to 
overcome the resistance of the string, to an amount equal to the 
force which caused their return to the .centre ; and thus the string 
vnll. vibrate on the other side (if its elasticity be perfect, and there 
be no resisting force) to a point as distant as that from which it 
set off, and will continue the same suocession of movements. 
189. Now let it be supposed that the string, instead of being 

* See Treatise on Souvd. 
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drawn to one side by the finger, is stmck by a hard body in 
motion, with a certain amount of force. The further the string 
is carried ont of the straight line, the greater will be its resist- 
ance ; and at a certain point this resistance will be sufficiently 
great, to neutralize and destroy the force with which the body 
was moving ; so that the string, when carried to that point, does 
not moye beyond it, and the onward motion of the body is 
itself completely checked. The elasticity of the string will then 
tend to carry it towards the straight line, with a force equal to 
the resistance it was proTiously exercising ; and it will commu- 
nicate this motion to the body which struck it, so as to send it 
back again towards the point^ from which it came, with a force 
equal to that which it originally possessed. 

190. This illustration is applicable, not to strings only, but 
to all kinds of elastic bodies ; for every one of them suffers some 
change of form by a stroke or pressure, and afterwards recovers 
its original form by reacting in the contrary way, with a force 
which, in perfectly elastic bodies, is equal to the pressure or 
stroke received. Hence, if two such bodies of equal size^ and 
moving at the same rate in contrary directions, impinge on one 
another, they will not remain at rest as they would do if per^- 
fectly inelastic (§. 183), but will recede from each other witii a 
force equal to that by which they previously approached. 

191. Hence we see that, in the impact of perfectly elastic 
bodies in opposite directions, no force is ever lost ; and that, at 
any given time after the impact, their distance from each other 
will be precisely that which they had at the same time before 
the impact. But this results from a remarkable interchange 
which will occur between them, if their weights be equal, but 
their previous velocities unequal; for each will possess after 
impact the velocity of the other. If A in motion strike B at 
rest, it will communicate its motion to B, which will go forwards 
with the velocity that A previously had ; whilst B will remain 
at rest. But if A have a velocity of 5, and it strike B moving 
in the opposite direction with a velocity of 3, their velocities will 
be interchanged after impact, so that A will move back with a 
velocity of 3, and B with a velocity of 5. 
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192. When the masses as well as the velocities are unequal, 
the principle becomes more complex. It may be that "both 
bodies move after impact in the same direction ; but the rule 
still holds good, that they will recede from one another to the 
same amount in any giyen time. Thus, suppose a yery large 
mass A to be moving slowly onwards, and to meet a small mass 
B moving more rapidly in the opposite direction ; the momen- 
tum of B will not be sufficient to check the motion of A, though 
it will retard it ; but the direction of its own motion will be 
reversed ; and its velocity will be so much increased, that, at 
any period after the impact (say a minute), B shall have receded 
from A, though both now move in the same direction, to the 
same distance as they .had at a minute before impact, when they 
were moving in opposite directions. If the two bodies be 
moving in the same direction before impact, they separate after- 
wards, 80 as to regain, in the same period, their previous 
distance from each other. The velocity of the foremost is aug- 
mented, whilst that of the hindmost is either retarded, altogether 
destroyed, or made to change its direction, according to tho 
relative momenta of the two bodies before impact. 

1 93. It would be impossible to explain in more detail, without, 
the aid of mathematics, the principles regulating the impact of' 
elastic bodies ; and we shall therefore go on to show, by the aid 
of the subjoined figure, the mode in which^we find, by the laws, 
of the composition and resolution of forces, the results of the 
impact of two elastic bodies moving obliquely towards eacb 
other. Let A be one body, moving in the direction and 
with the velocity A C; and B the other body, moving ia 
the direction and with the velocity B D. In order to 
ascertain their action on one another, a line M R must be 
drawn through their centres and the point of contact ; and the 
force of each must be resolved into two forces, the one acting in 
the direction of that line, and the other at right angles to it. Thus 
A C is the diagonal of a parallelogram of which A L and A M 
are two of the sides ; and the force with which A moves towards 
G may be considered, therefore, as made up of A L or M C, and 
A M or L C. In the same manner, the force B D is represented 

l2 
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by BK or ND, and BN or KD. Now it is obvious that 
two bodies moving along the parallel lines K D and L C would 

have no action on one 
another; and that the 
effects of the impact must 
be determined by the 
forces M^ and N D. 
Supposing it to be deter- 
mined, by the laws al- 
ready explained, that the 
body A moving in the 
direction M C, and meet- 
ing B moving in the 
direction N D, will recoil 
to Q, whilst B recoils 
to B; then the subse- 
quent motion of A vrill 
be compounded of the 
force C Q, and of the 
force G I, the continuation of L C, which will give the diago- 
nal C Z ; and in the same manner the subsequent motion 
of B will be compounded of D B, and of D Y, the con- 
tinuation of K D, which will give the diagonal D X. If this 
figure be compared with that illustrating §. 184, the difference 
in the results of the collision of elastic and non-elastic bodies will 
be obvious. 

1 94. Our attention has been hitherto chiefly directed to those 
cases, in which two 
bodies in motion 
come into collision ; 
or in which one body 
in motion strikes a 
movable body at 
rest, and commimi- 
cates motion to it. 
But the case is dif- 
ferent when one of the bodies is not only at rest, but is also 
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immovable. Thns, let A B be a flat surface, and C a body 
moving towards it in the direction C D. Then if C D be pezpen- 
dicalar to A B, the whole force of C D will be resisted by A B ; 
and, if the surface A B and the bo'dy C be perfectly inelastic, the 
whole of Cs motion will be destroyed at D, and it will remain at 
rest. But if either or both be perfectly^elastic, the body C will be 
thrown back in the direction, and with the force, which it had 
when approaching A B. But suppose that the inelastic body E, 
moving in the direction E D, strike upon the inelastic surface 
A B at D, the result of this impact must be determined by the 
law of resolution of forces. For the'force E D is equivalent to 
the two forces E A and E G, the one perpendicular to the plane, 
the other acting along its surface : the former is completely 
opposed and neutralized by the plane, as in the last case ; and 
the latter would carry on the body in a direction parallel to E C, 
namely DB. A perfectly inelastic body impinging at any 
oblique angle upon an inelastic plane, therefore, will move after 
impact along the surface of the plane. 

195. But the case is entirely different if the body or the 
plane be elastic. For the force E D being resolved as before 
into the two forces E A and E C, the perpendicular force E A, 
or C D is returned to the body in the contrary direction ; so that, 
if acted on by it alone, the body would be carried from D to C. 
But as it is acted on by the continuation of the force E C or A D 
at the same time, it will move in the resultant of these two, that 
is, in the diagonal D F. Since, when the body is perfectly 
elastic, the force C D which it would have after impact, is the 
same as that which it had before, and since B B is equal to D A, 
the whole parallelogram C D B F is equal to the whole parallelo* 
gram E A D C ; and the diagonal D F is equal to E D. The angle 
CDF, which is termed the angle of reflexion, will thus be 
invariably equal to the angle E D C, which is termed the angle 
of incidence ; and this law holds good with respect to the re* 
flexion of light, sound, &c., as well as with regard to solid elastic 
snbstanoes. But if neither the body nor the plane be perfectly 
elastic, the force with which the body returns in the perpen-* 
dicttlar direction will be less than that with which it im- 
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pinged ; and ihe angle of reflexion will always be greater than 
the angle of incidence, so that the direction of the body is 
nearer that of the plane surface after impact than it was before. 
Thus, let the elasticity be such, that the body C falling upon 
A B at D is only thrown back as &r as G ; then, if a body moTe 
from E to D with the combined forces E C and E A, it will be 
reflected in the direction D H. For the force A D acts as 
before, in producing a motion parallel to A B, and equal in 
amount to E C ; and this alone would carry it to B, whilst 
the force produced by the elasticity would of itself carry it to 
G ; the diagonal D H, therefore, expresses their combined action. 
196. Illustrations of these laws of impact may be found in 
the game of billiards ; which, in fact, can only be played well, 
when a thorough practical knowledge of them has been acquired. 
This game not only requires that the ball should be struck in a 
particular direction with the stick moYed by the hand, but that 
it should strike^another ball in such a manner, that one or both 
of them may roll into pockets at the comers and sides of the 
table* Very great skill in the calculation, and dexterity in the 
execution, are required to effect this in the various positions of 
the balls* Very much depends upon the precise point at which 
the second ball is struck ; since, if the moving ball impinge on 
that part of its face which is opposite the line of its own motion, 
the stationary ball will be moved onwards in the same line ; but, 
if the point of impact be ever so little on one side or the other of 
this, the motion of the stationary ball will be oblique. The 
skilful billiard-player, therefore, adapts the direction of his 
stroke, so as not merely to hit the second ball, but to drive it 
towards either one side or the other, as he desires. The material 
used for these balls is ivory, which, though hard, is also very 
elastic. The elasticity of this material is shown by the simple 
experiment of letting a ball strike upon a hard surface which is 
covered with a thin layer of oil ; if neither the ball nor the 
surface were altered in form by the impact, the oil would not 
come in contact with more than a very minute portion of the 
ball ; but the fact is, that the ball exhibits a considerable spot of 
oil, larger according to the force of the blow^ indicating that it 
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has undergone a momentary flattening, though its elasticity has 
caused it to recover its shape. 

197. The elasticity is imperfect, however; and the results 
of the impact are therefore not exactly what they have been 
shown by theory to be. Thus we have seen that, when an elas- 
tic ball in motion strikes another at rest, the latter is set in 
motion in the same direction, whilst the former remains station- 
ary. This is not generally the case with ivory balls, however ; 
for we may usually notice that both balls move after the impact ; 
but it sometimes occurs that, when the stroke is a very sharp 
one, the result just mentioned does occur. This is probably due 
to the fact, that the friction of the balls on the cloth-covered 
table, the imperfection of the elasticity, and other causes of dis- 
turbance, have less influence when the body is acted on with 
a powerful stroke, than when it is moving with an inferior force. 
The equality between the angles of incidence and reflexion, is 
another general principle which the billiard-player keeps in mind ; 
for it often happens that he cannot produce by a direct stroke 
the effect he desires, but that he can accomplish it by a slight 
manoeuvre. For if he strike the first ball obliquely towards 
the elastic cushion that runs along the side of the table, it will re- 
bound in such a direction as to strike the second ball in the man- 
ner he wishes, if he have properly calculated the angle at which 
his first stroke was made. These are the general principles of 
the game ; but several of the most curious eflects are produced 
by strokes, that give a tendency to the ball to rotate on its own 
axis, as well as to roll forwards in the direction of the stroke. 
One of these will be noticed hereafter (§. 231). 

198. There is an effect of the impact of elastic bodies, which 
is, at first sight, not a little surprising. If we place 2, 3, 4 or 
more ivory balls in a straight row on a smooth flat surface, 
nearly or quite in contact with each other, and then cause 
another ball moving in the same line to strike one end of the 
vow, it will not cause the whole row to move forwards, but will 
appear to act only on the ball at the farthest extremity from it, 
eausing this to separate from the rest, and to roll on in the direc- 
tion in which the first ball was moving. Thus, if we designate 
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the ball at first in motion by the letter A, and it strike agaiinst 
another ball B, which is the first of a row B C D E placed in 
the same direction) the balls B, C, and D will remain stationary, 
and E only will be moved. However strange this result may 
appear, it is at once nnderstood^ when we try it by the law regu- 
lating the impact of elastic bodies of equal size, of which one is 
at rest and the other in motion. For, according to this law, 
the moving ball A communicates the whole of its motion to^B, 
itself remaining at rest. But B cannot move onwards without 
impinging on O ; and, according to the same law, C communi* 
cates to D the whole of its movement^ itself remaining at rest ;* 
and, in like manner, D transfers the same force to E, which 
moves onwards, there being no other ball to receive its impulse. 
The same thing would happen with any number of balls, pro- 
vided they were perfectly elastic ; but as the compression of each 
mass and its return to its former shape ocupies a certain time, 
the motion of the last ball will not follow instantaneously the 
impact upon the first ; and the interval will be longer in propor- 
tion to the number of balls. 

199. The experiment may be varied by suspending the balls 
by threads, in such a manner that they shall hang side by side, and 
then causing one of 
the balls, A, to swing 
like a pendulum 
against the rest ; the 
ball at the other end 
of the row, E, will be 
driven from it in 
the same degree, if 
the material is per- 
fectly elastic, and on 
its return-swing will 
produce an impact 
that will send A off again to A'. In this manner the balls A and 
E will be kept in continual oscillation, without B, C, or D being 
perceptibly displaced ; but the oscillation will soon cease, being 
checked not only by the resistance of the air and by the friction 
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of tbe strings on their points of suspension, bat also by the im- 
perfect elasticity of any material we possess, which will prevent 
the whole force of A's stroke from being communicated to C. We 
shall presently find that the interposition of elastic substances 
amongst hard materials, is a means often yery usefully employed 
to diminish the jar or shock which would otherwise occur, when 
one part of a dense structure receives a severe blow. 

200. Although we have spoken of the motion of bodies as 
altogether neutralized or destroyed, under certain circumstances, 
this never happens instantaneously; because there are no bodies 
which are so perfectly hard, that their particles cannot be in 
some degree displaced upon one another. The less elastic a body 
is, the more likely it will be to break, when it impinges 
violently on another which opposes its progress ; and for this 
reason. The particles in that portion of the impinging body, 
which comes into immediate contact with the immoveable 
obstacle, are those first brought to rest; those immediately 
behind them retain for a time the force of their movement, and 
press directly on the first, — ^those behind these on them^ and so 
on ; until the momentum of each in succession is destroyed by 
the resistance of those before it. This action is illustrated, on 
a large scale, by the terrible accidents which have several times 
occurred to railway-trains, in consequence of the sudden and 
complete stoppage of the engine in front, by a fall of earth, by 
running against a bank, or by other causes. The whole train 
may be regarded as a single mass, of which the cohesion among 
the separate parts is not sufficiently strong to resist the force 
created by the momentum of the hinder parts, when in rapid 
motion ; for this momentum'of the hinder part of the train causes 
&e carriages immediately behind the engine to be so pressed on 
by them, as to be crushed to pieces. In the late terrible accident 
on the Versailles Railway (May, 1842), it is stated that the 
crushed carriages formed a pile of 30 feet high; so great was the 
force created by the continued tendency to onward motion in the 
long train behind them. 

201. There is another cause, however, of the fracture of 
bodies by impact, which is not illustrated by such occurrence^* 
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We have hitherto spoken only of the parts which lie immediately 
behind the point or points of impact ; but as these points fre- 
quently bear but a small proportion to the whole surface of the 
body, it is obvious that the motion of a large part of its mass 
will not be directly resisted by the collision ; and that it is, in 
fact, only by the cohesion of its particles among themselves, that 
their motion is checked at all. We see what takes place when 
this cohesion does not operate, in the spreading of the particles 
of liquids, as they drop upon a resisting surface. Let us 
suppose that three railway-carriages fastened together side by 
tide were moving rapidly onwards, and that the central one met 
with an obstacle which suddenly and completely checked its 
motion : the carriages on either side would exert a violent strain 
upon the fastenings by which they were united with it ; and, if 
this strain were strong enough to break them, would move 
onwards by their own momentum ; whilst if the fastenings were 
strong enough to resist the strain, the side carriages would be 
brought to rest with the central one. Just so it is with a solid 
body, the cohesion amongst the particles of which is capable of 
exercising only a certain amount of resistance ; if the momen- 
tum of the particles, which are not directly resisted by other 
particles before them, is superior to this cohesive force, the body 
will break ; but if the cohesion is strong enough^ the body will 
all be brought to rest together. 

202. It is obvious, therefore, that 
much depends on the form of the 
impinging surface. For instance, let 
a mass of a triangular form be in 
rapid motion ynth the point A fore- 
most'; when A impinges on a fixed 
F10.47. ^ obstacle, only those particles which 

are in the line AD are directly resisted by it ; and the forward 
impulse of all the particles situated on either side of that line 
will cause the body to split, if its cohesion be not sufficiently 
great to resist it. But if the same body were moving with 
the same rapidity, but with the flat side B C foremost, when 
this impinges on an obstacle also having a fiat surface, all the 
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particles along the line B G are brought to rest hy it ; and as all 
those behind it are directly resisted hy these, the body will have 
no other tendency to break than that which is produced by the 
pressure of one part of it on another. But suppose that the 
obstacle, instead of having a flat surface which meets B C^ has 
a projecting edge, against which B strikes at D ; the effect 
will then be much ihe same as when the point A struck the 
obstacle ; for of all the particles in the body, none will be 
directly resisted but those in the line DA; and those on each 
side will have such a tendency to continued onward movement, 
as very probably to break away from these, unless their cohesion 
is extremely strong. 

203. The more elastic the body, — ^that is, the more its par- 
ticles are capable of motion amongst each other, without losing 
their cohesion or their tendency to return to their original situa- 
tions, — ^the less liable it will be to be broken by impact. Thus 
we can scarcely conceive of a force that should break a piece of 
Indisr^ubber. And yet such a rapidity of motion mi^^ be 
given to it, that it should not have time to exercise its elasticity, 
its particles being detached by their separate momenta, without 
yielding. Or l^t us suppose a piece of whalebone to be moving 
onwards, not endways, but in the direction of one of its sides : 
a it came against a projecting obstacle which checks the motion 
of its centre, the ends would be carried forward by their separate 
momentum, and the whalebone would thus be bent, until the 
resistance afforded by the elasticity had destroyed that momen- 
tum. But we might here also imagine, that such a rapidity of 
motion might be given to the whalebone, as to cause it to divide 
at the point where it is met by the obstacle. The case may be 
reversed by supposing the whalebone to be supported at its two 
ends on fixed points, the backs of two chairs for instance ; and 
that a stroke be given by a sharp instrument across its centre : 
the question whether or not the instrument would sever it, or 
whether the whalebone would sink before it, would be decided 
hy the degree of resistance offered by the whalebone (which 
would vary according to its thickness, the distance between its 
ends, &c.), and by the rapidity of movement of the cutting 
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instrument, at tbe moment of impact, whicli might be such as 
not to give time for the part immediately in front of it to yield. 
The contrast between mere brute force and dexterity, as to the 
effects of blows with sharp instruments, has been well set forth 
by Sir Walter Scott in his novel of the Talisman. He repre- 
sents Richard Cceur-de-Lion and Saladin as competing with each 
other in the use of their swords ; and whilst Richard, with his 
giant strength and ponderous weapon, severs the handle of a 
massive iron mace, Saladin, with a light but keen-edged scynni- 
tar, and a rapid stroke, deaves an elastic cushion, which had been 
placed upright before him, and even divides into numerous pieces 
a veil floating in the air. 

^ ' 204. The same tendency to permanence of motion, which 
breaks asunder the parts of bodies whose cohesion is not suffi- 
ciently strong to resist it, may produce that violent agitation 
among them, which is known as a jar, even when they hold 
together firmly. This we ourselves experience, when the body 
receives a shock in a direction upwards from the heels o% from 
the bottom of the spine. The arch |of the foot is admirably 
contrived to prevent such a shock, by the elasticity of the liga- 
ments which hold together the bones ; and in ordinary walking 
or running, when we place the toes on the ground first, or the 
whole sole at once, the force of the collision is taken off by the 
spring of the foot. But if the heels come first in contact with 
the ground, especially when it is descending from any height, 
we experience a painful sensation through our nervous system, 
which makes us conscious that this jar has been communicated 
through the body. From the bones of the legs it is propagated 
to the lower part of the spine ; and, if this were composed of one 
bone, or of a set of bones piled on one another in a straight line 
with little or no elastic substance between them, the jar would 
be communicated to the head, and would produce a very injurious 
efiect on the brain. The spine, however, is composed of a num- 
ber of bones, with a thick piece of elastic substance interposed 
between each pair; and they are not arranged in a straight line 
but in a curve, so that the shock is not transmitted directly 
upwards, but has a tendency rather to bend the spine. Still it 
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may happen that the momentum of the upper part of the hodjr 
is so great, that after all the elasticity of the spinal column has 
operated, the resistance is transmitted with sufficient suddenneois 
from the feet to the head, to cause the hrain to he severely 
affected ; and thus a man, who faUs upon his legs from a great 
height, may he stunnM or even crushed to pieces. The same 
kind of shock is experienced in a less degree, when a person falls 
backwards in consequence of his seat being suddenly taken from 
under him. 

205. A familiar example of the effect of elasticity in modify- 
ing the results of impact, is seen in the operation of carriage- 
springs. In an ordinary cart, the body is fixed upon the frame- 
work with which the wheels are connected; and every time 
that the wheels pass over the slightest obstacle, the body must 
be raised accordingly. From the unevenness even of the best 
ordinary roads, a continual jarring is thus produced, which is 
very disagreeable to those unaccustomed to it. But when the 
body 9f a vehicle is hung on good springs, it is not nearly so much 
afiected by the unevenness of the road ; for, if the wheels are 
raised by a small obstacle, their first action is to compress the 
springs^ since these yield to a considerable degree, before the body 
(in consequence of its inertia) is much raised. If the carriage 
were to be checked) just at the time that the wheels are pas^ii^g 
over the obstacle, the body would be lifted by the reaction of the 
spring ; but, in general, the spring does not begin to react un- 
til the wheel has come down to its former level ; and then the 
reaction only perves to keep the body at its proper height. For 
the same purpose, springs are applied between the carriages of a 
railway-train, to deaden the influence of slight shocks suffered 
by one or more of them at a time. If it were not for these, any 
obstacle that interrupted for an instant the movement of the 
engine or of any carnage, would be immediately felt as a jar 
through the whole train ; but its first effect is to cause a com- 
pression of the spring of the carriage behind ; and the reaction 
of this will be chiefly expended in pushing for wards- the mass in 
front, when the resistance has been overcome. 

206. It is the tendency to permanence of motion in all the 
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particles of a moving body, that makes the force of impact greater 
than any force of simple pressure, and that thus creates in the 
hammer a power to which no other is comparable. It must be 
remembered that no substance in nature is perfectly hardy — ^that 
is, capable of resisting any force applied to it. There are many 
which bear enormous pressures, and which yet may be acted on 
by very minute particles, in sufficiently rapid motion (§. 17^). 
In the same manner, a slight blow from the lightest hammer will 
make an impression on a surface, which would not yield to the 
direct pressure of a ton weight. We see, therefore, that there is 
in reality no such thing as the complete destruction of motion ; 
for when a moving body impinges on a fixed obstacle, the particles 
of the latter are more or less displaced, in offering resistance to 
its momentum ; and this displacement is greater oi> less, in 
proportion as the cohesive force is less or more able to offer 
resistance to it. It appears that the state of vibration into which 
the particles of a body are thrown by blows, weakens their 
cohesion. This vibration is made evident to us, in the case of 
many bodies, by their sound ; and it is well known that a glass 
vessel may be set in such rapid vibration, by the sounding of its 
own note close to it, without being itself struck, as to scatter 
water contained in it, and even to fly into fragments. Again it 
will be found that a stone, which has been several times struck 
against another, may afterwards be broken by a blow which 
would not previously have made any visible impression on it. In 
this case, as in that of the iron formerly mentioned (§. 22), there 
seems little doubt that the internal structure of the body must be 
in some degree changed by the action of the successive blows, so 
as to weaken its cohesive force, although its external form and 
appearance are not affected. 

207. It is beautiful to observe how the forces of impact, 
cohesion, and elasticity, are balanced in nature, so as to become 
subservient to the wants of the living beings inhabiting this earth, 
and especially to those of man. It has been well remarked that 
'^ there is no machine comparable to the hammer. The force of 
heat, indeed, insinuates itself between the pores and interstices of 
bodies, and operating there, separately, upon their particles, 
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breaks tbem up in detail ; but the hammer encounters the oceu- 
mulaied force of their cohesion, and overcomes it. The hardest 
rocks and the most unyielding metals submit to it. If man 
reigns over inanimate matter, shapes out the face of the earth to 
his use or to his humour, and puts the impress of his skill and 
his labour upon the whole face of nature, it is chiefly with the 
aid which this mighty force of impact gives him. It is this that 
clears away for him the trees of the forest, that shapes for him 
the materials of his dwelling, that beats out for him the instru- 
ments of tillage, that digs and hoes up the earth, that after having 
cut for him his corn, threshes it and crushes it into flour, that tames 
for him his cattle, shapes and bends together his wagons and 
carts, and makes his roads ; in short there is no use of society 
for which this force of impact does not labour, and there is no 
operation of it which does not manifest this tendency of commu- 
nicated motion to permanence."* We have seen the importance 
of elasticity, in obviating the injurious effects of impact ; but if 
all bodies had been elastic, we should have had none firm enough 
to afford that resistance, which we are continually requiring in 
the construction of our dwellings, our ships, our machines, our 
furniture. And if all bodies had been hard and destitute of 
elasticity, we could not have taken a step, or moved in a carriage, 
or even touched anything with our hands, without a jar that 
would have made each action painful. The shocks continually 
produced by movement of any kind, would then be propagated 
without interruption in every direction ; and the slightest impact 
would leave permanent effects. But by the arrangements of an 
all- wise Providence, the qualities of hardness and elasticity are 
80 distributed among the bodies which surround us, that there are 
few, however dense, which have not some power of yielding to an 
impact, and afterwards recovering themselves ; whilst there are 
none possessing the solid form, which are so completely elastic as 
not to be able to offer some resistance. By this admixture of 
properties in the same substances, the wants of man are supplied 
far more perfectly, than if they were possessed in a higher degree 
by distinct bodies. 

* Moseley's '^ BluBtrations of Mechanics;'' p. 239. 



CHAPTER YII. 

OF CIRCULAR MOTION.— CENTRIFUGAL PORCK—RADIUS OF 
GYRATION.— CENTRE OP PERCUSSION. 

208. It has been shown in the preceding chapter, that bodies 
when set in motion by a single force, continue to move in a 
straight line ; but that, when acted upon by two forces, of one 
of which either the direction or the intensity is continually 
changing, the motion takes place in a curved line. The nature 
of this curve depends on the mode in which the forces act. Thus 
it was shown that, when a body receives an impulse which of 
itself would carry it in a horizontal direction, and is at the same 
time subjected to the force of gravity, which draws it perpendi* 
cularly downwards with a continually-increasing velocity, the 
curve is a parabola (§. 169). But when the body receives an 
impulse which would of itself carry it in a straight line, and is 
at the same time acted on by another force, which tends to draw 
it towards a given centre, it will move round that centre (if the 
two forces are properly balanced against each other) either in an 
ellipse or in a circle (§. 171)* The motion of bodies in a circle 
is one of such frequent occurrence, and is connected with so many 
points of interest, that it is desirable to give it a separate con- 
sideration. 

209. It is necessary, in the £irst place, to recal the principle, 
that motion has not, in itself, any tendency to cease (§. 140) ; 
and that, if two forces be acting upon a body, and the influence 
of one of them be suspended, the movement will go on under 
the influence of the other alone. It has been shown, that the 
movement of a body round a centre, is due to the combined 
action of two forces, both acting in straight Imes ; one of these 
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being an impulse which urges it directly onwards, and the other, 
an attraction drawing it out of that straight line towards the 
centre. Now, if the attraction towards the centre were to be 
suspended at any part of the revolution, the body would con« 
tinue to move in the direction it had at that moment ; and it may 
be shown, from the properties of the circle, that this direction 
will be that of the line known as a tangent^ which touches the 
circle at that point, and which is at right angles with the radius 
drawn to it. Thus in Fig. 47, A B, ^ A, and k /, are tangents 
to the circle at the 
points A, ^, and k. 
The body originally 
receiyed an impulse 
in the direction A B ; 
but it was drawn 
out of that straight 
line into the circular 
curve A ^ A? D, by 
the central attrac- 
tion, which, if it 
acted alone, would 
carry it to C. By 
the time it reaches 
^, the direction of 
its movement has 
been so far changed, 
that, if the central 
attraction ceased to act at tliat moment, the original impulse 
would carry it on in the line g A, which may be regarded as the 
continuation of that in which it was moving at the particular 
instant when the central attraction ceased to act. Or, if it 
proceed to k before it is liberated, the direction of the first im- 
pulse will have been further changed, so that it will fly off in 
the tangent k I ; and the same law governs its course, if set free 
at any part of its revolution. 

210. Many familiar illustrations of this fact may be adduced. 
If we tie a weight to the end of a string, and whirl it round, 
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holding the other end in the hand, we shall feel a considerable 
strain upon the string, which increases with the rate of the 
movement. If we let go the string at any moment, or it breaks 
in consequence of the increased strain upon it, the weight will 
fly ofF in a straight line, or rather in a line which wonld be 
straight, if it were not for the force of gravity, which converts it 
into a parabola (§. 168), drawn as a tangent to the circle at the 
point at which the body was at that instant. Upon the same 
principle depends the action of the sling and stone, which, in 
practised hands, is so efficient a weapon. The sling, holding the 
stone at its end, is made to move through a part of a circle with 
great rapidity ; and the stone is let go at such a point, that it 
shall have an onward movement in the required direction. The 
islands which we know under the names of Majorca, Minorca, 
and Iviza, were termed Balearic* Islands by the Greeks and 
Romans, from the expertness of their inhabitants in the art of 
slinging, to which they were trained from their infancy. Their 
dexterity as slingers, while serving in the Carthaginian and 
Roman armies is often noticed by ancient authors ; and it is 
recorded, as an instance of their early training to this practice, 
that it was customary to place the breakfast of a young person 
on the top of a high pole, that he might bring it down by the 
use of the sling. We see, then, in these instances, that the 
body does not fly off by means of any new force impressed on it 
at the moment of its departure, but merely by the continued 
action of that which was previously causing it to revolve round 
the centre, under the influence of the restraining power of the 
string. 

211. It is commonly said, that a body revolving roonda 
centre is kept in its path under the influence of two forces 
balanced against each other, — a emtripetady or centre-seeking, — 
and a centrifugal, or centre-flying force. The centripetal force 
may be the attraction of a large mass, such as that which the snn 
has for the earth, or the earth for the moon ; but we may substi- 
tute for it the restraining power of a cord, as in the examples just 
adverted to. There is this important distinction in the two cases. 

* From the Greek word hallOy to throw. 
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Sapposing that, during tlie earth's revolntion round the sun, or 
the moon's round the earth, its onward movement were suddenly 
checked at any period, — ^the centripetal force would then act 
alone, and would draw the revolying hody towards the central 
mass in a straight line. But when a weight is whirled round at 
the end of a string, there is no real centripetal force ; for if its 
revolution be checked, it has no tendency to move towards the 
centre, but rather falls to the earth. Agaiti, the term centrifugal 
force is very liable to be misunderstood ; since it would seem to 
imply a force which, acting alone, would cause the body to fly 
directly away from the centre, which we have seen to be very 
far from the truth. We must constantly bear in mind that its 
only proper use is to express the tendency, which the continued 
action of the force at first impressed upon the body has, to carry 
it on in the straight line that touches the circle, at the point at 
which the centripetal force ceases to draw it from that line. 
The body will, it is true, then recede from the centre ; but it will 
only do so by passing along the tangent, the distance of which 
from the centre is continually increasing, and not by flying in a. 
direction opposite to that of the central attraction. Its actioa 
will be, liowever, to cause the particles of a body in rapid 
revolntion, to take their places at the greatest possible distance- 
frran the centre; of this, several examples will be presently 
given. 

212. The simplest mode of showing by experiment the real 
action of these two forces is the following. Let a hole be made 
through a very flat board ; and let the edge of this hole be made 
very smooth. A smooth ball of hard wood or ivory is to be 
fastened to one end of a spring/; and this string being passed 
through the hole in the board, a sinall weight is to be hung to 
the other end of it. The actioa of this weight will of course be 
to draw the ball towards the hole, if no other force be operating* 
Now let the ball receive an impulse which would of itself carry 
it in a direction at right angles to that of the string ; its course 
will be so far modified by the centripetal force exercised by 
the weight, that it will move in a Curve ; and the nature of that 
curve will depend upon the proportion between the weight and 

if2 
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the force with which the hall is set in motion. These may be so 
balanced against one another, that the ball will move (for a time 
at least) in a circle ; bat if the impulse be too great, the ball will 
be less turned aside from its straight course by the action of the 
weight, and its superior centrifugal force will cause it to recede 
from the centre, and thus to draw up the weight ; whilst, on the 
other hand, if the impulse have not been strong enough, the cen- 
tripetal force will prevail, so that the ball will not describe a 
circle, but a spiral, being drawn nearer and nearer the centre at 
each revolution, by the descent of the weight, until at last it 
reaches the centre itself. In any case this will be the ultimate 
result ; for the friction of the ball will gradually retard its motion, 
and destroy the force of the impulse it received ; whilst the cen- 
tripetal force remains the same as at first. Now if, whilst the 
ball is revolving in a circle, the string to which the weight is 
attached be cut, the centripetal force will cease to act, and the 
ball will chanore the direction of its motion from a circular curve 
to a straight line. On the other hand, if it meet with an ob- 
stacle which suddenly checks its revolution, it will be drawn 
towards the centre by the action of the weight. 

213. With an instrument constructed upon apian of this kind, 
and known'under the name of the whirling-table, the laws which 
govern the action of the centrifugal force may be shown by ex- 
periment. Thus, if two equal weights, one at double the dis- 
tance of the other, are whirled round with the same angular 
velocity (so as to pass through their whole circles, or any 
similar portions of them, in equal times), the one which is far- 
thest from the centre will raise twice as great a weight as the 
nearer one. But if two equal weights be whirled at equal dis- 
tances, and the one have double the angular velocity of the other 
(that is, makes its whole revolution, or any similar portion of it, 
in half the time), the former will raise four times the weight 
which the latter will raise, r—or, which is the same thing, will 
exercise four times as great a strain upon the string. Hence we 
perceive that, if other things are equal, the centrifugal force, 
(measured by the weight that will be drawn up at the centre,) 
which causes a body to exercise a strain upon the cord that keeps 
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it in its circular revolution, increases with the simple distance of 
the body, when the time of its revolution remains the same ; but 
increases with the square of the velocity when the distance re- 
mains the same. If the weights of the moving bodies be different, 
whilst their distances and velocities be the same, the centrifugal 
force will be proportional to the respective weights. 

214. The tendency of the centrifugal force to cause the 
bodies on which it acts to recede from the centre, as far as they 
are permitted to do by other restraining forces, may be shown 
in a great variety of different modes. The simple apparatus 
represented in the accompanying figure^ gives an illustration of 

|^ it, which is the more 

^ ll interesting, as it makes 

^^ ^ perfectly obvious the 

cause that has changed 
the form of the earth 
from a perfect sphere 
to that of a spheroid 
(§.95). The two hoops 
are made of an elastic 
material, such as thin 
brass or steel ; they are 
fixed at the bottom to 
the spindle, but are left 
loose at the top, so that 
they can slide up or 
down, as far as their 
elasticity permits. If 
they be rapidly whirled 
round, the tendency of their particles to recede from the centre 
causes them to bulge out midway between the upper and lower 
ends of the spindle ; the portions through which the spindle 
passes are flattened in a corresponding degree ; and the upper 
part of the hoops is drawn down towards the lower. The 
greater the velocity given to them, the greater will be the 
change of form ; and it will go on, until the resistance offered 
by the material of the hoops to any further alteration, coun- 
terbalances the influence of the centrifugal force. 
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215, In the case ot the euth and other planets, there ii 
zeason to believe that the matter of which they are cotnpoaed 
once had a condition sufficiently fluid to permit a similar chai^ 
of foim ; and in thlg case, the limit to the change would be the 
attractioa of all the particles towatda the centre of the mass, 
Trhich would prevent any of them from greatly increasing their 
distance from it, unless the centrifugal force were very much 
increased. Now the planet Jupiter turns upon its axis more 
than twice as fast as the earth ; and the centrifugal force that 
acted upon it, whilst its form could he changed, has tber^ore 
produced a much greater effect. This pUnet is so much flattened 
at the poles, that a difference between the two diameters can he 
seen by the eye alone (when aided by the telescope), thoagh it 
it is more precisely determined by measurement. It has been 
ascertained by calculation, that the form which both Jupiter and 
our Earth actually possess, is predsely that which would be the 
result of the balance between the centrifugal force and the mutual 
attraction of their particles, supposing them to have been allowed, 
by the liquid condition of their masses, to take any form which 
these forces would produce. 

216. The effect of centrifagal force is further shown by the 
very simple and familiar fact of the sprinkling of water from 
a mop ^that is being trundled ; or the flying-off of dirt from 

a carriage-wheel 
in motion. Sup- 
posing that the 
axle of the wheel 
were at rest, and 
the wheel were 
made to turn ra- 
pidly upon it, the 
dirt would fly off, 
as soon as the 
. centrifugal force 
Fia 60. produced by its 

rotation should be strong enough to overcome its adherion to 
the wheel. It would at first be thrown off in the tangent a b; 
but the attraction of the earth causes it to descend towards it, and 
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to describe the curve a Cy like any other body similarly circum- 
stanced (§. 168). When the wheel has an onward motion, how- 
ever, as well has a rotation on its axle, the course of the substances 
thrown off from it will be somewhat different ; since they 
partake of the motion of the wheel at the moment of quitting it. 
217. Again, if we suspend a cup of water by a string, it is 
possible to whirl it round so dexterously, that none of the water 
shall fall out, though the mouth of the glass is downwards 
in part of every revolution. This is due to the tendency, 
which the particles of the water derive from the centrifugal 
force, to recede as far as possible from the centre. The chief 
difficulty lies in commencing and terminating the movement ; 
since the velocity is not then sufficient to give the required 
centrifugal force. The action of the centrifugal force upon 
liquids is further shown in a very interesting manner, by hanging 
a bucket by a long cord, and then twisting the covd ; so that tho 
bucket, when set free, shall have a rapid revolution. The ten- 
dency of the water to recede from the centre will cause it to 
rise up within the sides of the bucket, and to sink down in the 
middle ; and if the revolution be sufficiently rapid, the water 
will flow over and be sprinkled all around. If the sides of the 
bucket be inclined, so that the water is further from the centre 
at the top than at the bottom, it would be possible to get rid in 
this manner of the whole of the water which the bucket origin- 
ally contained ; but, if the sides are upright, the last portions 
of the water will not rise to the top or flow over. This prin- 
ciple has been employed in a very ingenious and simple 
contrivance for raising water through small heights. It consists 
of a vessel shaped like a bucket with slanting sides, open at the 
top and bottom, and having three or four pieces projecting 
inwards. Now when the vessel is made to revolve rapidly, 
and its lower end be immersed in water, the portion of the 
water within its sides will be carried round with it by these pro- 
jections ; and it will thus acquire a centrifugal force, which will 
cause it to rise along the inclined sides of the vessel, and at last 
to flow over its edge into a circular trough adapted to receive 
it. By continuing the motion of the vessel, a continual supply 
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may tlina be obtained ; eince a fresh qnantity of water 
trill be constantly taken ia by it below, and wiH receive the 
same molioQ. 

218. Tb ere is another contrivance for raising water, acting 
on the same principle, which is known under the name of the 
centrifugal pump. 
Til I a ia represented 
/ in the accompany- 
ing figure. It con- 
sists of an upright 
pipe a a, which is 
inserted into the 
vessel of water, e; 
into the top of this 
pipe are fitted two 
cross pipes, a b, and 
\ae; and the whole 
■ is put into rapid 
Flo. Bi. motion by the han- 

dle ff. Now, suppodng that the pipes are full of water at the 
moment when they begin to turn, the centrifugal force com- 
municated to the water in the cross tubes will cause it to be 
discharged, by holes at their extremities, into the ciutern d; and 
a void or vacuum will be created in the pipe, which will bo 
supplied by water pressed up by the air from below, through 
the pipe a a. So long as the motion is contiuued, so long wilt 
the cross pipes deliver water, and the upright pipe draw it up. 
When the motion ceases, the water would flow down agwn inttf 
the lower cistern, were it not for valves in the pipes, opening 
upwards only, which prevent its tetnru. Thus, when the pipes- 
have been once filled with water, the apparatus is always ready 
for action. This first filling is necessary in order that the water 
may rise through the pipe a a; for it has no tendency to do so 
by the mere revolution of the pipe ; and it only takes place 
when a vacuum has been created by the emptying of the cross 
arms. The aperture at/ serves to discharge the water &om the- 
reservoir d, into which it is raised by the pump. 
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2 Id. Another illustration of the action of centrifugal force 
upon liquids, is to be found in the mode in which an eddy or 
whirlpool is produced. "When a rapid stream of water meets 
with an obstruction which causes it to take a considerable bend, 
it is thrown from its straight line into a curved direction ; and, 
as a consequence of this, the surface of the water takes a form 
resembling that which it presents when whirled round in a 
bucket ; being deeply hollowed in the centre and raised towards 
the outside. Any floating substance, which has been brought 
within this vortex, will be drawn down towards the centre of it, 
that being the point to which the stream is directed ; and hence 
arises the danger to swimmers from eddies in rivers ; or to ships 
and boats from the larger whirlpools which are sometimes to be 
met with on the sea-coast. The whirlpool of Charybdis in the 
straits of Messina has been celebrated from ancient times ; there 
is also one on the coast of Norway, termed the Maelstrom ; this 
is caused by the rapid flow of water, during the strongest part 
of the tide-stream, between two rocky islands ; and it is impos- 
sible to navigate this channel when the tide is strong, without 
great risk, many vessels having been drawn in by the Maelstrom. 
The same occurrence may be seen, on a small scale, whenever a 
circular vessel, especially one of a funnel-shape, is being emptied 
by a hole in its bottom ; a circular motion of the water takes 
place, and there is consequently a depression or even a hollow 
in the centre, and a rise all around ; this is best seen when the 
water has been nearly all discharged, or when we pour a stream 
of water obliquely into a funnel. 

220. Of the influence of centrifugal force upon solid bodies, it 
would be easy to multiply examples, in addition to those which 
have been already given. Its agency is very important in the 
common operation of grinding corn. The corn is placed in a 
kind of funnel, termed the hopper, which lets it pass gradually 
through a hole in the centre of the upper mill-stone ; the re- 
volving motion causes the grain to fly off towards the outer part 
of the space between the mill-stones, where they are closer toge- 
ther ; and thus it is ground finer and finer, until at last it is 
thrown out beyond their edges, in the form of flour. Just in 
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tbe same manner would the centrifagal force act upon bodies 
placed on the earth s surface, • if it were not for the attraction of 
its mass, which^ keeps them in their places. A body situated 
exactly on either of the poles, being at the centre of the circle, 
would have no tendency to fly off ; but if placed anywhere else, 
it would, of course, move in a circle of greater or less size, in 
proportion to its distance from the pole, and would acquire a 
corresponding amount of centrifugal force, which would cause it 
to increase its distance. But though this force is much more 
than counterbalanced by the attraction of gravitation, it still 
operates ; and at the equator, where it is greatest, it tends to 
oppose the pressure of bodies towards the centre of the earth, and 
is one cause of the diminished weight which they have there, as 
compared with their weight at or near the poles.* 

221. It has been calculated, that if the rotation of our earth 
were seventeen times faster than it is, the bodies at the equator 
would have a centrifugal force equal to their gravity, so that 
they would exert no downward pressure; and a little more 
velocity would cause them to fly off altogether, or to rise and 
form a ring round the earth like that of Saturn. An occurrence 
of this kind sometimes takes place, when the velocity of the 
large grinding-stones used in the manufacture of various articles 
of iron and steel, is so much increased as to create a centri- 
fugal force, greater in amount than the cohesive attraction of 
the particles of the stone ; large fragments of the stone have 
been known to be carried through the roof of a building, and 
hurled to a considerable distance from the spot where it was 
worked, carrying death and destruction in their course. It has 
been remarked, that the wreck produced by the disruption (or 
breaking asunder) of one of these stones, resembles nothing 
80 much as that occasioned by the bursting of a steam-engme 
boiler. 

* A body tbat presses towards the earth's centre, at the equator, widi a force of 
2891bs., will press downwards, at the poles, with a force of 2901bs. When we 
add this difference to that which results from the flattening of the earth in the polar 
regions (§. 95, 96), we find the whole difference between^the downward pressure 
of a body at the equator and the poles, to be l-194th of its entire weight ; that iS) 
a body weighing 1941b8. at the equator, will weigh 1951b8. at the poles. 
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222. The centrifugal railway, which has heen recently con- 
structed upon a large scale, is a yery ingenious deyice for exhibit- 
ing the effect ^^ 
of centrifugal 
force. The 
roadway, on 
which the car- 
riage moves, 
fiist passes ^lo- ^2 

down a steep incline, A B ; t' then rises" rapidly in a 'curve, 
B C, which completes by its descent a circle in the air ; and 
lastly, it ascends in an incline, B D, which brings it to a poiilt 
nearly as high as that from which it started. The carriage 
descending the first incline, acquires, by the time it reaches the 
bottom, a velocity which would carry it up another incline of 
the same height, if friction, and the resistance of the air, did 
not in some degree diminish it. But its motion is altered, by 
the direction of the roadway, from a straight line to a curve ; 
and in rising through the circle which it is then made to describe 
in the air, a sufficient amount of centrifugal force is produced 
to counteract the earth's attraction ; so that the carriage and 
the persons it contains are enabled to pass along the highest 
part of the circle, in which they are completely unsupported, 
just as water remains in the cup that is being whirled 
round (§. 226). In the passage of the carriage down the de- 
scending part of the curve, it acquires enough velocity to carry 
it up the second incline, when the direction of the roadway 
again changes to a straight line. It is essential, to the success- 
ful use of this contrivance, that the highest part of the circle 
should be considerably lower than the point from which the 
carriage first starts ; since the velocity it acquires in its descent 
will not otherwise create a sufficient amount of centrifugal 
force to keep the carriage against the roadway at the part O^ 
where it is completely unsupported. Any accidental cause that 
retards the descent of the carriage will prevent its traversing 
the circle with safety ; and, as several accidents have occurred 
from this cause, it cannot be right to put human lives in peril 
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for exliibiting what is at best but a philosopliical toy, since it 
can never be applied to any beneficial purpose. A centrifugal 
railway, on a small scale, may be constructed by simply'bend- 
ing a bar of iron into the form represented in Fig. 52 ;][and 
making a small heavy carriage run upon it, by means of 
flanches or projections upon its wheels, which shall keep it from 
rolling off. 

223. The apparatus termed the governor^ which has been 
long used for the regulation of mill-work, and which was very 
ingeniously applied by Mr. Watt to the steam-engine, acts upon 
the principle of centrifugal force. The mode in which this is 
brought into operation may be understood from a very simple 
experiment. Let the fire-tongs be suspended by a string fastened 
at the top, and be made to turn by the twisting or untwisting of 
the cord ; the legs will separate from each other ¥^ith a force 
proportioned to the speed of the rotation, and will fall together 
again as the motion slackens. If the legs had heavy balls at 
their extremities, the force with which they would separate 
would be much greater. Such an apparatus forms the essential 
part of the governor y which is made to revolve by the action of 
the steam-engine or other moving power. The purpose of it ia 
this. In almost any kind of mill, the^quantity of work to be 
done is continually varying ; so that, if the same power were 
always applied, it would be sometimes too great, driving the 
machinery too fast, and sometimes too small, scarcely propelling 
it at all. Again, there may be irregularity in the moving 
power ; as by variation in the heating of the boiler, in the case 
of the steam-engine ; or by inequality in the force of the wind, 
or in the amount of water, in the case of a wind-mill or water- 
wheel. The governor affords the means of constantly keeping 
the power accurately proportioned to the work to be done ; and 
this is accomplished as follows. By a system of levers, its legs 
are so connected with the apparatus by which the power is 
regulated, that, when the balls fly asunder, they diminish the 
power, and when they close together they increase it. In the 
steam-engine, the governor opens and closes a valve, which re- 
gulates the quantity of steam admitted from the boiler. In the 
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wind-mill, it acts ujpon the sails in such a manner as to make 
them present a greater or less amount of surface to the wind. 
And in the water-mill, it opens or closes the sluice that regu- 
lates the quantity of water which acts upon the wheel. Now if, 
by a diminution of the labour to be performed, or an increase of 
power, the machinery begins to turn too rapidly, the balls fly 
out and partly close the valve of the steam-engine, or the sluice 
of the water- wheeli so as to diminish the power. But if more 
work is to be done, or the power is unequal to it, so that the 
machinery moves too slowly, the balls fall together, and the 
power is increased by the contrary action. 

224. One more illustration of the action of centrifugal force 
may be given, and that of a very familiar kind. When a 
carriage, a horseman, or a pedestrian, moves rapidly in a curve 
of small diameter (as when suddenly turning a corner), a con- 
siderable amount of centrifugal force is experienced, which gives 
the body a tendency to fall outwards. This the rider or pedes- 
trian counteracts by inclining his body inwards, or towards the 
centre of the curve ; but the carriage cannot make this adjust- 
ment ; and, if the centrifugal force be sufficiently great (either in 
consequence of the rapidity of its movement, or the smallness of 
the circle in which it is turning), the carriage will be upset /rom 
the centre, or, in other words, away from the comer round which 
it is turning. The centrifugal force produced in this manner, is 
of great assistance to the riders who perform feats of horse- 
manship; since they can do many things, when moving in a 
small circle, which they could not accomplish if they moved in a 
large circle or in a straight line. A man who would ride in a 
straight line, standing upon his saddle, would find it almost 
impossible to keep himself balanced upon it. But, when he 
rides with great rapidity in a small circle, a new and very cpn- 
siderable force comes into operation, which gives him great 
assistance. This is the centrifugal force. It gives both to his 
body and to that of the horse an outward tendency, which they 
counteract by bending inwards, or towards the centre of the 
circle. Hence a less portion of his weight is supported by the 
saddle ; and it is much easier for him to keep his balance, which 
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is done by simply regulating his speed. For if he should find 
himself likely to fall inwards, he has merely to quicken his 
qpeed, and thus to increase the centrifugal force, which will carry 
his body outwards, and thus restore his equilibrium. If, on the 
other hand, he be in danger of falling outwards, he slackens his 
speed, and thus diminishes his outward tendency. 

225. When a body rcYolTes about a fixed axis, each of its 
particles receives an amount of centrifugal force, which is pro- 
portional to its respective distance from the centre (§. 213). 
Hence there will be a number of difierent forces acting on dif- 
ferent sides of the axis ; and these will or will not balance one 
another, according to the form of the body, and the position of 
its axis. If the particles be so arranged, that equal weights 
exist at equal distances on every side of the axis, the centrifugal 
forces will be exactly balanced against each other, so that they 
will exert no pressure on the axis. This is the case when a 
globe, composed of the same material throughout, is made to 
rotate on any axis that passes through its centre ; or when a 
cylinder or drum is made to rotate on an axis that passes through 
the centres of its two circular ends ; or when a square or circular 
plate is made to revolve about any of its diameters, as in the 
common act of spinning a coin or counter. But if the particles 
are not arranged about the axis of rotation with this uniformity, 
the centrifugal forces created by the movement of the different 
portions will not balance each other; and there will conse- 
quently be a strain upon the axis, which will tend to pull it 
towards the side on which the centrifugal force is the greatest. 
This may be illustrated by a very simple experiment. If we 
whirl round a ball at the end of a string, the centrifugal force is 
all on one side ; and we feel its tendency to draw the hand out 
of its place, which it requires some force to resist. But if we 
fix two balls of the same weight to the two ends of a stick, and 
whirl these round upon an axis held in the hand, and passing 
through the middle of the sticky we feel that there is no more 
strain upon the axis than that which is created by the weight 
of the stick and balls. Let us further suppose that the axis 
does not pass through the middle of the stick, but that one end 
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of it has twice the length of the other ; then a weight, A, of 
1 lb., at a distance of 2 feet from the centre, will counterpoise 
a weight, B, of 2 lbs., at a distance of 1 foot from the centre, as 
will be explained in Chapter X. If the stick be then whirled 
round, the centrifugal forces of the two weights will be still 
equal; for, according to the laws of centrifugal action (§. 213), 
the weight A will have twice the centrifugal force which would 
be possessed by an equal weight at the distance of B ; whilst 
the weight B, being double of A, has twice the centrifugal force 
which A would have at B's distance. Hence the axis will^still 
be free from any strain produced by the centrifugal forces. But 
if the axis pass through any other point of the stick, the centri- 
fugal forces of A and B will no longer be equal ; and there will 
be a strain upon the axis towards one body or the other, accord- 
ing as the situation of that axis is more distant from it than in 
the case just mentioned. 

226. In any mass of matter, however irregular may be its 
form, there are at least three lines round which its parts are so 
arranged, that, if it be made to reyolve upon either of them as 
an axis, the centrifugal forces are so balanced, as to exert no 
strain upon the axis, and, consequently, to have no tendency to 
alter its position. These three axes, which are called the prin" 
dpal aaes^ are at right angles to each other. Their length will 
be different in almost every instance ; and this difference pro- 
duces an importafit influence on their respective properties. 
Where they are all of the same length, the body will rotate 
equally well on either of them ; this is the case, for instance, in 
a globe, the number of whose principal axes has no limit. But in 
a body whose principal axes are unequal in length, it will rotate 
securely on the shortest of these axes only ; that is, if, whilst 
rotating upon either of its longer axes, it be slightly thrown out 
of its position, it will have no tendency to recover itself, but 
will alter its condition altogether, and will revolve round the 
shortest axis; and for the same reason, if, whilst rotating 
around the shortest axis, it receive any disturbance, it will 
recover itself, and thus constantly tend to maintain its position. 
This principle may be familiarly illustrated by a simple experi- 
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ment, made upon an ordinary sea-shore pebble. We will sup- 
pose this to be of a regular oval form, having two surfaces some- 
what rounded. The three principal axes of such a pebble will 
be, — 1. The long diameter of the oval side, or the line joining 
its two furthest points ; — 2. The short diameter of the oval side, 
or the line joining its two nearest points ; — 3. The line joining 
the centres of the two sides, thus crossing the thickness of the 
pebble. Now we can spin such a pebble upon one of its ends ; 
that is, around its long diameter as an axis ; but it will be Tery 
unsteady, and the slightest variation of its position will overturn 
it altogether. The same will occur when it is spun upon the 
side-edge ; that is, around its short diameter. But when it is 
spun upon one of its rounded surfaces, it has no tendency to fall 
over, since it is then revolving around its shortest diameter ; and 
if disturbed, it will return to the same position. Hence the axis 
around which a body of any form is Id rotation, will always tend 
to change into the direction of its shortest principal axis, and 
will then remain settled. 

227. This experiment must not be regarded as fully illus- 
trating the principle ; since, when the axis is supported from 
below, the tendency of the centre of gravity towards the lowest 
possible point (Chap. IV.), will naturally cause the body to 
assume that position. But the same thing happens, when the 
change of the direction of the axis is such as to leave the centre 
of gravity where it wasj and it will even take place, when it 
cannot occur without raising the centre of gravity, provided tho 
rotation be sufficiently rapid. Thus if we allow a circular plate 
to hang freely by a string tied to any part of its edge, its centre 
of gravity, being in the centre of the plate, will be at the distance 
of its radius, below the point where it is suspended. Now, if we 
make the plate revolve with sufficient rapidity, it will not rotate 
around the axis in which it was hanging (which is one of its 
diameters, and, therefore, one of its many equal longer, axes), 
but about its shortest axis, which is the lino that crosses its 
thickness, through its centre ; and in order to do this, the plate 
must raise itself up into the horizontal position, so that its centre 
of gravity becomes as high as the point of suspension. The same 
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thing will take place, if we hang a ring by a string attached to 
any part of it, and make it rotate with sufficient rapidity. 

228. The reason of this curious property is easily explained, 
when the principles of centrifugal force are understood. When 
a body is revolving round its longest axis, the parts composing 
its mass are disposed in such a manner, as to be at the least pos- 
sible distance from the axis. On the other hand, when it is 
rotating about its shortest diameter, the parts are so arranged as 
to be at the greatest possible distance from the axis. Now it 
has been seen to be a property of centrifugal force, that it causes 
the parts of a revolving body to dispose themselves at the great- 
est possible distance from the centre ; and this will be the case, 
therefore, when the rotation is round the shortest axis. The 
change from one axis to the other, when there is any opposing 
force, however, (as in the case last mentioned) can only take 
place when the centrifugal force becomes, in consequence of the 
quickness of the rotation, sufficiently powerful to overcome it. 

229. It is very interesting to remark, that the form actually 
possessed by the earth and other planets, is the only one at all 
approaching to that of a globe, in which the axis of rotation is 
not liable to be disturbed. If they had been exactly globular, 
and all the axes consequently equal, a very slight amount of 
force would have changed the direction of the rotation from one 
axis to another, and there would have been no tendency to the 
recovery of the first position. If, on the other hand, they had 
been egg-shaped, they would have had only one longer axis, but 
an infinite number of short axes ; since there is no limit to the 
number of equal lines which might be drawn through the cen- 
tre, all of them the shortest that can unite the opposite sides» 
Hence an egg-shaped body, revolving around its long diameter,, 
will be easily thrown out of its position, and will rotate around 
one of its shortest axes ; but as these are all equal, it will have 
no tendency to remain in any one of them permanently, and will 
be disturbed by a very slight force. Lastly, if the body is flat- 
tened at the poles, or shaped like an orange, it has but one short 
diameter, — the line joining the poles; whilst the number of 
long diameters (crossing the equator^) is unlimited. Hence, 
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whilst its rotation ronnd either of these is unstable, it will tend 
to continue moving around the short axis, and will return to 
this position when it has been removed from it. The import- 
ance of this arrangement will be made evident hereafter ; it is 
enough here to state, that the recurrence of the seasons, the 
length of day and night, and many other important conditions 
affecting the welfare of the living inhabitants of the earth, 
would have been rendered irregular, if the position of the axis of 
the earth's rotation were liable to undergo change. It is most 
beautiful to observe how one action of the centrifugal force is 
thus connected with another ; — ^the same agency that produces 
the altered form of the earth, taking advuitage (as it were) of 
this alteration, to render its motion stable and uniform. 

230. If a body be suspended or supported in such a manner, 
that any force which affects it can act freely upon it, either in 
producing an onward motion, or a rotation round its axis, the 
kind of motion produced will depend upon the precise direction 
in which the force is applied. If it act equally upon all parts of 
the body, it will urge every one of them in its own direction 
with a corresponding force ; and the motion of the body will be 
simply onwards, without any rotation. This is the case with 
the attraction of gravitation ; and consequently, a falling body 
does not turn on its axis whilst descending. The same takes 
place when a force acts directly through the centre of gravity of 
the body ; since this is the same thing as acting equally upon all 
its parts. An illustration of this we may find in the motion of 
the cricket-ball struck by the bat ; or of the billiard-ball, when 
the line in which the stroke is given passes through its centre. 
But if the force be applied in any other way, a movement of 
rotation is produced, as well as an onward motion in the direction 
of the force ; since the different parts of the body will be diffe- 
rently affected by it, and those which receive the greatest impulse 
will tend to move faster than the rest, which they can only do 
by imparting a rotatory movement to the body. It is remark^ 
able that in such a case, the onward movement is precisely the 
same as if there were no rotation ; and that the rotation takes 
place exactly as it would have done had the axis been fixed, and 
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the whole force expended in producing it. A remaikahle example 
of this compound movement is seen in the action of chain^ 
shot These consist of two cannon-balls, united together by a 
strong chain, and £red from the same cannon. Now^ unless the 
impulse happens to pass exactly tlurough the common centre ot 
gravity of the two balls and chain (which it can only do by a 
rare accident) those are not only propelled forwards, but they 
receive a rotatory motion about each other, which gives them a 
most destructive power. , They fly forwards as far as if they did 
not revolve ; and they revolve as they would do if they did not 
fly forwards. Chain-shot are now generally superseded by 
double-headed-skoty in which a strong iron bar is substituted for 
the chain. The latter act on the same principle as the former. 

231. The movement of the earth in its orbit, and its rotation 
around its axis, may thus be accounted for, on the supposition 
that it was produced by a single impulse, not acting through its 
centre, but applied at a point about 24 miles on one side of it. 
The much more rapid rotation of Jupiter might have been in 
like manner produced, at the same time with his motion in his 
orbit, by an impulse acting at a distance of about 16,000 miles 
from his centre. It may happen that the movement of rotation 
thus communicated to a body may interfere with its onward 
motion, so as to destroy or even to reverse it. Thus, if a billiard- 
ball be struck sharply with a cue heloto its centre, it will receive 
from it at the same time a tendency to onward movement, and 
a tendency to rotate on its axis, in such a direction as to roll 
backwards if no other force were in operation. Hence it will 
not roll forwards, but will slide ; and its friction is so great, that 
its onward movement is soon destroyed, whilst the tendency to 
rotation is only partially checked ; and the very strange pheno- 
menon is witnessed, of a ball moving forwards, gradually coming 
to a stop, and then rolling backwards, without receiving any fresh 
impulse, or meeting with any obstacle. This kind of stroke is 
used with great advantage by skilful billiard-players. 

232. Centre of Gyration. — When a body is moving in a 
straight line, all its particles have the same velocity ; and conse- 
quently the effect of its stroke or impact upon another body 

h2 
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is the same as if its 'whole weight were concentrated in the 
centre of gravity, and were moving with the velocity which it 
possesses. But when a body is moving round a centre, the 
motions of its different parts are not equal in velocity ; for those 
which are furthest from the centre pass through a larger circle 
than those nearer to it, though the whole revolution is performed 
in the same time. Thus, as already remarked, the equatorial 
portion of a revolving globe moves much faster than the portion 
in the neighbourhood of the poles ; and, of the different parts of 
the interior, those move fastest which are at the greatest distance 
from the axis. Now, since the momentum of each particle 
depends upon its weight multiplied by its velocity (§. 177)) it 
is evident that the momenta of the several portions of the revolv- 
ing globe will be very different. Nevertheless, it is not difficult 
to conceive, that the sum of all of them may be represented by a 
single force, equivalent to that which would be produced by the 
whole weight of the body, moving in a circle at a certain dis- 
tance round the axis. Thus, if a circular plate be put in motion 
around one of its diameters, — ^as when we spin a piece of money 
on its edge, — the whole force of its rotation might be represented 
by a weight equal to that of the plate (if it were possible to 
concentrate such a weight in a single point), moving in a circle 
whose radius is equal to half that of the plate. Or, in other 
words, supposing the plate to be set in motion by a certain 
impulse, its velocity will be the same as that with which its 
whole weight, concentrated in one point, would move in a circle 
of half its own radius. All bodies moving round a fixed axis 
have a similar property ; that is, there is in each one a certain 
point, at which, if the whole mass were concentrated, it would 
receive from the impulse the same velocity round the axis ; — or, 
in other words, there is a point at which, if the whole weight of 
the mass were concentrated in it, the force of its motion would 
be precisely the same as that which the whole body actually 
possesses. This point is called the centre of ^yration^^ audits 
distance from the axis is called the radius of gyration. This 
distance varies according to the form of the body ; but it is, of 

* From tlie Latin ffpro^ \?liich means to moYO round a centre. 
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course, greater, according as the principal mass of the body is 
disposed at a distance from the centre. 

233. It is evident from what has been just stated, that if a 
body in motion about a fixed axis encounter an obstacle in the 
portion of its centre of gyration, it vrill expend all the force of 
its motion upon that obstacle. If, on the other hand, the 
obstacle be not at that distance from the axis, the collected force 
will be divided between the obstacle and the axis itself, on the 
principle of a weight supported between two props. Hence we 
see that a blow with any instrument will be most advantageously 
given, when it strikes in the situation of its centre of gyration ; 
and that the effect of the blow is not then felt by its axis, as it 
would be in any other case. Thus, a cricket-bat, and the arm of 
the player who strikes with it, may be regarded as a mass 
revolving round an axis in his shoulder-joint. If the ball be 
struck at the centre of gyration of this mass, the whole effect of 
the blow is expended upon the ball ; and it has no reaction upon 
the shoulder, so that no part of the shock is felt there. Expert 
players soon learn to know about what point of a bat they thus 
strike most effectually ; and in this consists a great secret of good 
batting. — In the same manner, a carpenter, when using a mallet, 
does not strike most effectually with the middle of its principal 
mass, which would be the position of its centre of gravity ; but 
with a part farther from the handle, where the force of the 
motion is collected in the centre of gyration. If he strike with 
any point but this, he will not expend the whole force of the 
blow upon the object, but a part will return and gting his hand. 
We shall presently see another very important application of the 
Bame principle, in the case of the tilt-hammer (§. 237)* 

234. Axis of sjpontaneotM Rotation. — Suppose a beam of 
wood to be floating at rest upon water, and to receive a blow 
near one of its extremities ; that end will, of course, move for- 
wards, but the other end will move backwards ; and we should 
find a certain part of the beam which does not move at all, but 
serves as an axis, round which the other parts seem to revolve. 
This is called the axis of spontaneous rotation. Its position will 
depend upon the form of the body, and upoQ the place where it 
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is strnck. It has been shown that, if a body at rest, bat free 
to move in any direction, be struck by a force passing through 
its centre of gravity, there will be no rotation, bnt an onwiml 
moyement of the whole mass : whilst, if the blow do not pass 
through the centre of gravity^ some portions receive a greater 
effect from it than others, and consequently the mass is put in 
rotation about its centre of gravity, at the same time that it is 
projected forwards (§. 239). Now it is evident, that, in conse- 
quence of this double movement, some parts of the body are 
carried backwards by the rotation, whilst they are moving for* 

ards with the mass ; and if the velocity of the rotatory move- 
ment^ carrying any part backwards, exceed the forward move- 
ment which it shares with the rest of the mass, it is evident 
that the part so acted on will really be moving backwards ; as 
is seen in the case just mentioned. For the whole beam has an 
onward movement ; but it has also a rotatory motion about its 
centre ; and thus the extremity most distant from the blow 
moves backwards, by just as much as its rotatory movement 
exceeds the forward motion of the whole beam. The part of 
the beam which is really at rest, therefore, is that around which 
it tends of its own accord to revolve in the first instant of its 
motion, — when struck in such a manner, that the rotation of its 
extremities is more rapid than the onward movement of the whole* 
But if the blow were given nearer to its centre, the onward 
movement would be more rapid, and the rotation slower; so 
that the whole beam really moves forwards, though the side 
which receives the blow moves faster than the other. In such 
a case, we may conceive the centre of spontaneous rotation to be, 
not in the body, but at a point beyond its farther extremity. Or, 
We might find a point in the beam, such that a blow struck against 
.it would make the beam revolve round one of its extremities as 
a centre ; the backward rotatory motion of that extremity being 
exactly equal to the onward movement of the mass. 

235. Centre of Percussion. — We further see that, since a blow 
communicates no motion to those parts of a body which lie in 
the axis of spontaneous rotation, a fixed axis passing through 
the body in that situation wot^ld receive no shock or percussum 
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from the blow. If the place of the blow were altered^ however, 
the centre of spontaneous rotation would no longer be the same; 
and a shock would be communicated to the axis. The point at 
which a body supported upon a fixed axis may be struck^ with- 
out the axis receiving any shock, is termed its centre of percus- 
sion ; and it is evident that this must be in every respect the 
most advantageous situation for an impulse to be communicated 
to it ; since the whole force of the blow will be expended in 
putting the body in motion, and none will be left to communi- 
cate a shock to the axis. There is an instrument termed the 
BaUistic Pendulum, used to determine the velocity of cannon- 
balls when first fired, which affords a very good exemplification 
of this principle. It consists simply of a heavy mass of wood, 
suspended at the end of a long iron bar. The velocity with 
which it begins to move, when the ball strikes it, is known by 
observing the height to which it ascends ; and from this the 
force of motion and the velocity of the ball are easily calculated. 
Now if the ball is fired against the mass of wood, so as to strike 
it at its centre of percussion, it simply causes the mass to swing 
like a pendulum ; but if the stroke take place at any other 
point, it will tend to tear away the axis. 

236. It is a very curious fact, that, if the centre of percus- 
sion of a body moving round a fixed axis be ascertained — and 
the place of the axis be changed, so as to make it pass through 
what was before the centre of percussion — the point which was 
previously the axis becomes the centre of percussion to the new 
axis. This principle has a very important connection with the 
doctrine of the pendulum, as will be shown hereafter (§. 280). 

237. The importance of attending to these principles in the 
construction of machinery, will appear from one simple illustra- 
tion. The Tilt Hammer, used in the forging of iron and steel, 
is a mass of great weight, fixed to a strong arm (commonly a 
beam of wood) of considerable length. This is supported upon 
an axis, which turns in collars, firmly bound down to a solid 
mass of iron and masonry, and this is deeply imbedded in the 
earth. The hammer is raised by the action of a wheel, turned 
by steam or water power ; on the circumference of which aro 
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fixed cogi or projections, that strike upon the arm of the hammer, 
behind its axis. The hammer is thus made to rise, immediately 
after it has fallen (by its own weight) from the point to which 
it was raised just before. Now the expense of erecting and 




keeping at work one of these hammers is very considerable ; 
for however securely they are fixed in the first instance, they 
are very liable to break their axes, and to tear away their 
collars. This is owing to a want of sufficient attention to 
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scientific principles in its construction. For if the hammer be 
formed and fixed in such a manner, that the blow which it 
receives firom the wheel strikes its centre of percussion, the 
whole force of the stroke will be expended in lifting the hammer; 
and no jar will be experienced by the axle. And, again, if the 
blow given by the hammer be at its centre of gyration, the whole 
force of the stroke is communicated to the body beneath it ; 
and the axis receives no shock or strain (§. 3«^). This seems 
never to be the case with those constructed upon the ordinary 
plan ; since they all appear to expend a large part of the power 
which raises them, in beating about their axes, and in perpetual 
efforts to tear away their collars. Some practical knowledge of 
the kind of arrangement necessary appears to have been arrived 
at by the workmen employed in erecting these hammers ; but 
this is of a very imperfect kind, and can only be rendered com- 
plete by the aid of scientific skill. This is one of the many 
instances, in which the benefit of science is shown (as the great 
Bacon long ago expressed it), /' in shortening the long turnings 
and windings of experience." 



CHAPTER VIIL 

OF THE MOTION OP FALLING BODIES. 

238. The fall of a body towards the earth is the most 
familiar and constantly-occurring example of the law of gravi* 
tation. Bat it does not serve as a good illustration of this law; 
since we tee only one part of its action, — ^the descent of the 
body to the ground. But since the attraction of all bodies is 
mutual^ there must be a movement of the earth towards the 
stone, as well as a motion of the stone towards the earth. This 
motion, however, is proportional, for each body, to the bulk of 
the other. Thus, suppose that the stone weighed 1 lb., and the 
weight of the earth were 1,000,000 lbs. ; — ^for every foot the stone 
moves towards the earth, the earth would move towards it 
1,000,000th of a foot, — a quantity so small as to be quite inap- 
preciable. But the disproportion between the bulk of the earth 
and the largest bodies that ever fall on its surface, is really £ar 
greater than this ; so that the space through which the earth 
moves to meet the stone is so excessively minute, when com- 
pared with the space through which the stone falls to the earth, 
that we may disregard it in all our calculations. But the earth 
itself, if its movement round the sun were checked, would fall 
towards it^ jast as a stone drops to the earth ; for the bulk of 
the sun is nearly 1,400,000 times that of the earth ; and if 
these two bodies were free to move towards each other, there- 
fore, the sun would only move 1 mile for every 1,400,000 miles 
traversed by the earth. 

239. The motion of a stone in its fall to the earth is of that 
kind which is termed uniformlyk accelerated (§. 156) ; and the 
reason why it should be so is very obvious, when the nature of 
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attraction and [the laws of motion are considered together. 
The attraction of the earth for the stone is continually gene- 
rating a fresh amount of force ; but if this were made to cease 
at any time, the body would continue to move at a uniform 
rate, with the force it had previously acquired. Hence, when 
a new amount of force is being constantly added to that pre- 
viously existing, the motion must necessarily be imiformly 
accelerated. This principle is illustrated by a familiar com- 
parison. Every school-boy knows that a long pea-shooter will 
carry much farther than a short one. The natives of South 
America shoot birds with arrows impelled by the breath through 
a hollow cane of six or eight feet long. A long gun, moreover, 
will carry much farther than a short one ; and the ball, therefore, 
leaves its mouth with a much greater rate of movement, than it 
has acquired when it leaves the mouth of a short gun. The 
reason is very obvious. So long as the body to be propelled 
continues within the tube, it is being acted on, — by the force of 
the breath, in the case of the pea- shooter, — by that of the 
powder, in the case of the gun. It is continually receiving, 
therefore, a fresh amount of force, whilst in motion from that 
already applied, and its rate of movement within [the tube will 
therefore be constantly increasing. When it quits the tube, 
however, it ceases to be acted on by any new force ; and its 
rate of motion will entirely depend upon that which it had 
acquired at that moment. As its subsequent motion is being 
continually retarded by the friction and resistance of the air, as 
well as by the attraction of the earth, the distance to which it 
"will be projected will, of course, be proportional to the rate of 
its movement, or the force it had gained when it left the tube. 

240. Now if we consider the nature of the motion of a stone 
allowed to fall freely towards the earth, we shall at once perceive 
the influence of the same cause, — the continual application of a 
fresh amount of force, in producing the same result, — a con- 
tinnally accelerated motion. For at the mometit at which the 
stone is let go, it has no velocity at all ; when the earth's attrac- 
tion first puts it in motion, its rate is very slow : if that attrac- 
tion, however, could be suspended at any point of time, the stone 
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would continue to move, by the force it had acquired with a 
regular velocity ; but as this attraction is continually operat- 
ing, it must, by constantly adding to the force with which the body 
was previously moving, produce a constant increase in its rate. 
Thus, a heavy stone, allowed to fall freely to the ground, wiU 
move in the Ist second through a little more than 16 feet ; but 
at the end of that time it will have acquired a force which would 
be enough, if acting alone, to carry it through 32 feet in the next 
second. In the next second, however, it moves not only through 
these 32 feet, by the force it had acquired in the first, but 
through 16 feet additional, on account of the fresh impulse it is 
continually receiving through the earth'^s attraction, which is 
precisely the same during the 2nd second as during the Ist. 
Moreover, at the end of this 2nd second, it will move with the 
same continued rate of 32 feet per second, which it had acquired 
at the end of the 1st second ; and with an additional velocity of 
32 feet, which it has acquired during the 2nd second ; and thus 
its rate of movement at the end of the 2nd second will be 64 
feet per second. It will continue to move, with this velocity 
during the 3rd second; but will also gain, from the constant 
attraction of the earth, the same increase as in the 1st and 2nd 
seconds, — namely, an additional/aZ/ of 16 feet during the second, 
and an additional r€tte of 32 feet at its end. The space fallen 
through in each of the Ist three seconds will therefore be, 
16, 48, 80 feet ; and the velocity acquired at the end of each 
will be 32, 64, 96 feet. 

241. Carrying on the same mode of reckoning, we should 
find that the velocity (Acquired at the end of any given number 
of seconds, is twice that number of secends multiplied by 16 
feet, the space fallen through in the 1st second. And as the 
space fallen through in any given second, is determined by the 
velocity it had acquired at the end of the preceding second, with 
the fresh movement it gains in the second itself, the amount is 
at once ascertained by adding 16 feet to the velocity gained at 
the end of the preceding second. The following table will show 
the results of this simple calculation for the first ten seconds : — 
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VELOCITY ACQUIRED AT THE END 


OF EACH SECOND 


• 


I. 32 feet 


+ 


16 feet 


II. 64 . . . 


+ 


16 — 


III. 96 ... 


+ 


16 — 


IV. 128 .. . 


+ 


16 — 


V. 160 .. . 


+ 


16 — 


VI. 192 .. . 


+ 


16 — 


•VII. 224 .. . 


+ 


16 — 


VIII. 256 .. . 


+ 


16 — 


IX. 288 .. . 


+ 


16 — 



SPACE FALLEN THROUGH IN EACH SECOND. 



16 feet 


I. 


48 ... 


11. 


80 ... 


iir. 


112 ... 


IV. 


144 ... 


V. 


176 ... 


vr. 


208 ... 


Vll. 


240 ... 


VIII, 


272 ... 


IX. 



304 ... 



X. 



The colamn on the left gives the velocity acquired at the end of 
each second ; this added to 16 feet, the additional quantity 
gained in each second, gives the whole amount through which 
the body moves in the succeeding second, as expressed in the 
right band column. Now, when the numbers in this column 
be examined, they will be found to be multiples of 16 by the 
series of odd numbers, commencing with 1 ; and it is a very 
simple mode of reckoning the space fallen through in any given 
second, to multiply by 16 the odd number corresponding to 
that of the second in such a Series as the following : 

I. II. III. IV. V. VI. VII. VIII. IX. X. 
13 5 7 9 11 13 15 17 19. 

It will be further remarked, that each odd number is one less 
than double the number of the second. Thus, if we wish to know 
what would be the space fallen through by a stone in the 15th 
second of its descent, we double 15, and take 1 less, which gives 
us 29, the odd number corresponding to XV. in this series ; on 
multiplying 29 by 16, we get 464, the number required. 

242. We more commonly wish, however, to know the 
tohole space fallen through in any given number of seconds. 
This may, of course, be estimated by adding together the 
amount fallen through in each. Thus, in the first two seconds, 
the body falls through (I.) 16 + (H.) 48 = 64. In the first 
three, it falls through (I.) 16 + (II.) 48 + (III.) 80 = 144. 
And in the first four, it falls through (I.) 16 -f (II.) 48 + 
(III.) 80 + (lY.) 112 = 256. Now these numbers, 16, 64, 
144, 256, which express the total space fallen through in the 
1st, 2nd, 3rd, and 4th seconds respectively, are found to 
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correspond exactly with the squares of these last numbers, 
multiplied by 16. Thus, for the 1st second, 1 x 1 x 16 rr 16, 
the number of feet fallen through in it. For the two first seconds, 
2 X 2 X 16 = 64^ the number of feet fallen through in them. 
For the 3 first seconds, 3 x 3 x 16 = 112, the number of feet 
fallen through in them. And, for the 4 first, 4 X 4 x 16 = 
256, the number of feet fallen through in them. Hence the 
rule for ascertaining the whole number of feet fallen through in 
any given number of seconds is simply this: — Square the 
number of seconds, and multiply the product by 16, which will 
give the amount required. Thus, if I let fall a stone from the 
top of a precipice, and 7 seconds elapse before I hear the sound 
of its arrival at the bottom, I should know that the height of 
the precipice would be 7 X 7 X 16 = JSA feet.* The follow- 
ing table will show the results of the foregoing calculation up to 
the 10th second :— 

SPACE FALLEN THROOOH ^^^^^ ^^^ ^^^^^ ^ ^^^^^ ^^^^ 

IN EACH SECOND. 

* I. 16 "I 1 Sec. 

[SA-] 2 „ 

II. 48 J yiW] 3 ,. 

III. 80 . J ^256") 4 „ 

IV. 112 . .J UOO") 5 „ 

V. 144 . . . J U76" 

TI. 176 . . . .J 

VII. 208 

V^III. 240 .... 

IX. 272 " . J U600 10 

X. 304 J 

243. The whole subject may, perhaps, be more easily com- 
prehended by the aid of a very simple diagram. In tho whole 
triangle, ABC, (Fig. 54) the perpendicular side, A B, 
expresses the time through which a body is falling ; in the 
present instance, it is divided into 5 parts, which represent 5 
seconds. The horizontal side, or base, B C, expresses the 
force acquired by the body at the end of that period ; and the 
horizontal lines at lY., III., II., and I.^ in like manner express 
the force possessed by the falling body at the end of each of the 

* This estimate would have to be corrected for the loss of time occasioDed bjr 
the trayelling of the sound from the bottom of the precipice to the top ; as will be 
expluned in the Treatise on Sou nd. t 



61 .... 6 „ 

V784"| . . . . 7 „ 

J. h0241 . . 8 „ 

J 11296*1 . . 9 „ 
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IV 



\ 




x\ 




\6 


\8 


\ 




fo\ 


,2\ 




\ 






•OX 


9/\ 


\2^ 

\ 

V 

23 ^ 


X 



B 



Fio. 54. 



preceding seconds. As A represents the point from which the 
body is let fall, its force is there nothing ; but it is undergoing 
continual increase, as represented ^ 
by the constant tendency of the 
slanting side^A G towards the right, 
so as to increase the lines at I., II., 
III., IV., and V.jin regular propor- 
tion. Now, the body setting off xi 
with no force, acquires at the end 
of the first second, a force ex- jq 
pressed by the horizontal line at I., 
and in so doing, it passes through 
a space represented by the small 
triangle 1. The force acquired at the 
end of the first second would of itself 
carry it, in the next second, through 
aspace represented by the parallelogram, of which one side is repre- 
sented by the foree^ and the other by the time ; and this parallelo- 
gram contains the two triangles 2, and 3, each equal to 1. But 
during the 2nd second, there is an additional force gained, equal 
to that acquired in the first ; and this causes the body to traverse 
the additional space represented by the triangle 4. Hence, the 
whole space which the body falls through in the 2nd second, is 
represented by the three triangles^ 2, 3, 4 ; aud the force it has 
acquired at the end of the 2nd second is represented by the hori- 
zontal line at II. This force would of itself carry it in the 3rd 
second through a space represented by the parallelogram that 
contains the triangles 5, 6,7,8; and the additional force gained 
in that second is represented hy the triangle 9. The same prin- 
ciple applies to the representation of the 4th and 5th seconds ; 
and by prolonging the triangle downwards, any number of 
seconds might be represented in the same manner. 

244. In this diagram there are set before the eye the rules 
already laid down. For it is seen that, if we call the space 
fallen through in the first second 1, — the space fallen through in 
the next second will be, by the previously acquired velocity 2, 
and by the additional velocity 1^ making in all 3, — and the total 
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space fallen through in the first two seconds will be 4, the square 
of 2. In the same manner, the space fallen through in the 3d 
second is altogether represented by 5 triangles ; that of the 4th 
second bj 7 triangles ; and that in the 5th second by 9 triangles ; 
— in each case, by one less than double, as already explained. 
And, lastly, the whole space fallen through in any given number 
of seconds is represented by the whole number of triangles above 
its horizontal line ; — ^being, for 1 second, I, — ^for 2 seconds, 4,— 
for 3 seconds, 9, — ^for 4 seconds, 16, — and for 5 seconds, 25 ; in 
each case, the square of the number of seconds. 

245. Some simple exercises may be advantageously founded 
upon these rules ; serving to test the student's acquaintance with 
them. Thus^ it is required to know which of two stones, A and 
B, will arrive first at the ground, A being let fall at a height of 
1024 feet from the ground, and B, two seconds afterwards, 
being let fall at a height of 576 feet. It is evident,' then, that 
B commences its fall from a point 448 feet below A, and that 
the first second of its fall will correspond to the third second of 
A's. Hence, in order to compare the relative situation of the 
two at each second, we must make such a table as the following; 
in which the place of A is given by the number of feet it has 
passed through from the commencement of its fall ; whilst that 
of B is found by adding to the number of feet through which it 
has fallen at each period, the amount (448) which it was below 
A when the former began to fall. 



A FALLS. 
I. 16 

II. 64 

III. 144 

IV. 256 
V. 400 

VI. 576 

VII. 784 
VIII. 1024 



B FALLS. 



+ 448 = 464 
+ 448 = 512 



I. 16 

II. 64 

III. 144 + 448 = 592 

IV. 256 + 448 = 704 
V. 400 + 448 = 848 

VI. 576 + 448 = 1024 



Hence it appears that they will both arrive at the ground at 
the same time ; since, although B is 320 feet below A at the end 
of the first second of its descent, A gradually gains upon B, in 
consequence of the greater velocity it has acquired through its 
longer time of falling. In the next second, supposing the fall 
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to continue, A would leave B behind; for this being the 9th 
second of A^s fall, it will have passed through 1296 feet at the 
end of it ; whilst, being only the 7th second of B's, the latter 
will have only fallen through 784 feet, which, added to 448, 
makes its distance but 1232 feet from the point at which A 
started ; and this difference would go on increasing with every 
succeeding second. 

246. These laws regulating the descent of falling bodies, 
hold good not only when the bodies are allowed to fall freely 
through the air, but also when, by any artificial means, their 
proper velocity is diminished ; and this fact has been very beau- 
tifully applied in the construction of a machine by which they 
may be experimentally illustrated. We will suppose two equal 
weights, A and B, suspended by a line that passes over a pul- 
ley ; it is obvious that these weights will remain at rest, pro- 
vided that they are not made to move by any force applied to 
them. But, if we add a small weight to one of them, that one- 
will of course descend. It will not move, however, with a velo-- 
city of 16 feet during the first second, or a rate at all near it ;:: 
for though the small weight, if left to itself, would fall at this- 
rate, the attraction of the earth for it, when it is attached to one 
of the weights, causes it to set in motion both the weights, and 
also the string and pulley. By far the largest proportion of its. 
force, therefore, is expended in overcoming the inertia (§. 1 47) 
of these bodies ; and the velocity of the movement which it . 
makes in connection with them will be proportionably less... 
Thus we will suppose the two weights, A and B, each to weigh» 
7^ oz., making together 15 oz.^ and the additional weight to be - 
1 oz. Then the attraction of the earth for this 1 oz. weight 
will have to put in motion 16 oz. weight;* and thus the force 
having to do 16 times the work, can only do it l-16th as fast, 
so that the weights will move, one down and the other up, at 
the rate of only 1 foot per second, instead of 16. But sup- 
posing the motion to continue, it will take place according to 
the same laws as those which govern the ordinary descent of 
falling bodies; — that is, the space fallen through in the 2nd 

* In thit calculation, the inertia of thewbeel, for the sake of simplicity, is not include 

o 
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second will be 3 iiraes that of tlie Ist, or 3 feet; and the total 
space fallen through in the first 2 seconds vill therefore be 4 
feet. In like manner, the Bpaces fallen throngh in the 3rd, 4tb, 
and 5th seconds respectively, will be 5, 7, and 9 feet; and the 
total space fallen through at the end of the 3rd, 4th, and 6th 
seconds, will be 9, 16, and 25 feet, — that is the square of the 
number of seconds multiplied into the space fallen through in 
the first second, which, in the present instance is 1 foot. 

247. This is the principle of the very beautiful instrnment 
named Atwood's Machine, after its inventor. It consists of 
an upright scale of feet and inches, which may be made uf 
any convenient length, — iisnally 6 or 7 feet. At the top of 
this is a pulley, the spindle of winch turns upon friction-wheels, 
(§. 237), so that the loss that would be caused by its 
friction is prevented as much as possible. There is 
attached to the machine a small piece of clock- 
1 work, with a pendulum adjusted to beat seconds. 
Over the pulley bangs a line with a weight at each 
end; and the weights are so mode, that, by taking 
off or putting on different pieces, we may give them 
exactly the proporUon to each other which we de- 
sire. If they are equal, they will hang stationary, 
as in the former instance; but if we put them in 
motion, they will continue to move at the same 
rate as far as the length of the line permits, — 
friction being almost entirely removed, and the re- 
sistance of the air not making a perceptible difier- 
cnce in so short a space. But if we add a small 
weight to either of them, that one vrill descend with 
a uniformly-accelerated motion, as already stated. 
By varying the proportion between the additional 
weight and the sum of the two, we can exactly 
i bring the velocity to any scale we please. The 
Frn. ss. most convenient is one of 3 inches per second ; and 
it is obtained by the following adjustment. This velocity ia 
l-64th of the velocity of a falling body left to itself (16 feet= 192 
inches, which, divided by 3, gives 64) ; and therefore the attrac- 
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tion of the earth for a certain weight must be made to move 64 
times that weight, in order to produce a movement of only 
l'64th the velocity. Hence (putting out of view the inertia of 
the pulley, which has also to be considered), each of the weights 
should be 31^ times the additional weight, so that this may be 
l-64th of the whole. 

248. The heavier weight, being thus adjusted to descend 
through 3 inches in the first second, will pass through 3 x 3=9. 
inches in the 2nd second, 5x3 = 15 inches in the 3d second, 
7x3=21 inches in the 4th second, 9x3=27 inches in the 
5th, and so on. In like manner, the space fallen through in any 
number of seconds, will be the square of that number, multiplied 
by 3 inches, the space fallen through in the first second ; thus, 
the whole space fallen through in 5 seconds will be 5 x 5 x 3= 7^ 
inches. This is shown on the machine, by fixing a flat stage at 
the several parts of the scale of inches to which the weight ought 
to descend in 1, 2, 3, 4 and 5 seconds respectively ; the heavier 
weight being then drawn up to the top, and let go exactly at the 
same time with any beat of the pendulum, it will be heard to 
strike upon the stage exactly with that one of the succeeding 
beats for which its place has been adjusted. 

249. The machine will not only thus illustrate the laws 
regulating the space fallen through in each second, and the 
total amount of the whole ; but it will also show, by an ingenious 
contrivance, the velocity acquired at the end of any particular 
second, and the rate at which the body would continue to move 
by it alone, the force of gravity being suspended. This is 
accomplished by giving to the additional weight the form of a 
bar, and laying it on one of the weights, in such a manner as to 
be lifted oflf by a perforated stage, through which the weight 
itself can pass. When the additional weight has thus been 
lifted ofi^, the two weights become equal, and they continue to 
move, therefore, solely by the force they had acquired. Now it 
has been shown that the velocity acquired at the end of any 
number of seconds, is twice that number of seconds multiplied 
by the space fallen through in the first second. Thus, if the 
perforated stage be fixed at 12 inches down the scale, and the 

o2 
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solid stage at 12 below tbis, tbe beavier weigbt will descend 
tbrougb tbe first 12 incbes in two seconds ; but it will tben bave 
acquired a velocity wbicb will enable it to go tbrougb tbe next 
12 incbes in anotber second, even wben tbe additional weigbt is 
removed. If tbe solid stage were fixed at 24 incbes below 
tbe first, tbat space would be traversed in 2 seconds ; if at 36 
incbes, in 3 seconds, and so on; — ^tbe velocity of 12 incbes per 
second, acquired during tbe first two seconds, baving a uniform 
continuance until it is checked. In like manner, if tbe perforated 
stage be placed at 27 incbes down tbe scale, and tbe solid one 
be placed at 18 incbes below tbis, tbe loaded weigbt will descend 
to tbe first in 3 seconds (3 x 3 x 3= 27) ; and it will pass tbrougb 
tbe next 18 incbes, after its additional weigbt bas been removed, 
in tbe succeeding second,— since its acquired velocity at tbe end 
of tbe 3d second is 18 incbes per second (2 x 3 x 3), continuing, 
if allowed to do so, at tbe same rate, for any number of seconds. 
250. Tbe influence of gravitation upon a body wbicb is 
tbrown up from tbe eartb's surface witb a certain force, bas the 
effect of progressively retarding its movement, until it is at last 
completely cbecked ; tbis retardation of a rmng body is uniform, 
and is governed by tbe same law as tbe acceleration of a faXLing 
body. For it is obvious tbat tbe eartb's attraction will make a 
certain diminution, during tbe first second, in tbe rate of tbe 
body'^s motion, so tbat it will commence tbe next second witb a 
retarded velocity; tbe continued attraction downwards will 
make a furtber diminution during tbe succeeding second ; and 
tbus its rate will be gradually diminished by tbe end of each 
second, in exactly tbe same proportion as it would have increased 
if tbe body bad been moving towards tbe earth, — ^namely, 32 
feet for each second. Thus, we will suppose a body projected 
upwards from tbe eartb's surface at tbe rate of 160 feet per 
second ; during tbe first second of its movement, it will be 
gradually retarded, so tbat it will only move through 144 
(160-*<-16) feet; and by tbe beginning of tbe next second its 
velocity will have been reduced to 128 feet per second. In the 
next second it will only move upwards to the amount of 1 12 
feet ; and its velocity at tbe end of tbat time will only be 96 
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feet. By the same diminntion, in the succeeding seconds, its 
rate of motion at the beginning of the 5th second will be only 
32 feet; and, o?nng to the constantly-retarding force of the 
earth's attraction, the whole of this force will be spent in carry- 
ing up the body through 16 feet more, after which it will cease 
to rise, haying been altogether carried up to the height of 
400 feet; The moment it ceases to rise, it must begin to fall 
again ; and in 5 seconds more it will reach the ground, having 
fjEillen 400 feet, and acquired the velocity of 160 feet per second, 
the very same as that with which it was first projected. 

251. Hence the law with reference to rmn^ bodies is ex- 
actly the converse of that which has been stated in regard to 
their fallxngi fov the movement of the former is uniformly 
retarded by the earth's attraction, to the same amount that the 
velocity of the latter is increased by it ; and the height which a 
body thrown up with a given force will reach, is exactly the 
same as the height through which a body must fall in order to 
acquire that force, and may therefore be determined by it. 
Thus if we wish to know how high a body will rise, that is thrown 
up with a velocity of 224 feet per second, and how many seconds 
wiU elapse before it reaches the ground again, we ascertain it by 
considering how many seconds would be required by a falling 
body to acquire that velocity ; this number is 7* for 2 x 7 X 16= 
224. The body will continue to rise, therefore, for 7 seconds, 
and will gain a height of 784 feet (7x 7 X 16) ; after which it 
will occupy 7 seconds in its fall, and will come down with the 
velocity with which it was projected upwards.* 

252. The phenomena of retarded motion may be beautifully 
shown by Atwood'^s Machine. For this purpose, the two weights 
A and B are so adjusted, that one of them. A, shall exceed the 
other by a certain quantity, say half an ounce ; which difference 
shall cause it to descend at the rate of 4 inches per second. But 
we lay upon B an additional weight equal to double this differ- 
ence ; so that B is now the heavier by half an ounce. This 
additional weight, being in the form of a bar, may be removed 

* In tUt 'statement, it is not thought worth while to take into account the 
xetaiding inflaence of the resistance of the air» which will slightlj alter the result. 
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by the perforated stage at any point we choose, so that A again 
becomes the heavier. Now if we fix the perforated stage at 36 
inches down the scale, and draw up B, loaded with the bar, to 
the top, it will fall through this space in 3 seconds (3 x 3 X 4), 
and will have gained a velocity of 24 inches per second (2x3 
X 4) ; but the bar is then removed by the perforated stage, and 
A becomes the heavier. The velocity which B had gained,however, 
occasions the continuance of its movement in the same direction, 
for a certain time ; but the movement is continually retarded by 
the superior weight of A, and will be gradually brought to a 
close, and B will begin to ascend. This will not happen until B 
has descended to 36 inches below the perforated stage, the limit 
to its extent being exactly determined by the space through 
which it had previously fallen ; — and this movement will occupy 
the same time, namely 3 seconds. The return of B to the 
perforated stage will occupy 3 seconds more ; and it will have 
acquired, by that time, the same velocity as at first,^^namely 
24 inches per second. In passing through the perforated stage, 
it will again take up the bar, and thus be made as much heavier 
than A, as it before was lighter. It will continue to rise, how- 
ever, by the velocity it had acquired, and will reach the top of 
the scale in 3 seconds more, after which it will begin to descend 
again, and the whole process will be repeated as at first. This 
alternate rise and fall of the weights would continue forever, like 
the swinging of a pendulum, if it were not for the friction of the 
pulley and the resistance of the air ; these opposing causes make 
each movement somewhat less than the preceding one, and at 
last bring them to a close. 

253. It is through the resistanoe of the air, that the rates of 
falling are so different in different oases. Thus, a stone or a 
piece of metal fall at once to the ground ; whilst a feather or a 
shred of thin cloth are comparatively long in reaching it. Both 
are resisted by the air in proportion to the surface they expose 
to it ; but whilst the surface of the stone or metal is very small 
in proportion to its weight, that of the feather or cloth is very 
large. A piece of gold, extended into a thin leafy ia buoyed up 
by the air just as much as a feather or piece of paper ; and if it 
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were possible to compress a feather into such a small compass, 
that it should only have the same surface with a stone of equal 
weight, it would fall just as fast. The truth of this statement 

may be shown 
by making a 
piece* of metal 
and a feather 
fall together 
through a tall 
receiver, from 
which the air 
has been ex- 
hausted ; they 
will reach the 
bottom in pre- 
cisely the same 
time. This is 
commonly term- 
ed the ffuinea and 
feather experi- 
ment. Itwasone 
of the most re- 
markable errors 
of ancient phi- 
losophers, that 
they imagined 

the time occupied by a body in falling, to be in contrary pro- 
portion to its weight, — ^that is, that a stone of ten pounds would 
fall ten times as fast as a stone of one pound, or in one-tenth 
part of the time. This error probably originated in the obser- 
vation of the slow fall of what are commonly termed liffht bodies 
(§• ^7)- The attraction of the earth would produce the same 
effect upon all ; and the difference is due only to the varying^ 
resistance of the air. Between a stone of one pound, and 
another of ten pounds, however, the difference of the resistance 
of the air would be very slight ; and it seems wonderful that so 
easy an experiment^ as that of comparing their times of fall 
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through the same height, was never made. Tliis ridlcnloTia 
error was long kept up by the authority of Aristotle, whose 
supremacy in matters of philosophy no one dared to question 
during the middle ages ; and it was first overthrow by Ghdileo 
at the end of the sixteenth century. — ^The degree in which the 
resistance of the air acts on what are ordinarily termed hmmf 
bodies, is shown by the fact, that a bullet descending freely 
through the atmosphere does not ever gain a greater Telocity 
than about 260 feet per second, whatever may be the height 
through which it falls ; — ^the resistance of the air being then so 
great as to resist any further ^oeleration. (See §. 151.) 



CHAPTER IX. 

THE PENDULUM, 

254. By ft pendulum we are to understand a heavy body 
suspended from a fixed point by a rod or cord, and made to 
swing backwards and forwards by an impulse which draws it 
out of the perpendicular direction. This simple instrument is of 
the greatest importance to us in the measurement of time, and 
therefore in the determination of a vast number of natural phe- 
nomena ; thus in astronomy, the exact determination of time ia 
necessary for almost every observation of the heavenly bodies ; 
and it was by accurately observing the di£ferences in the 
number of beats of the same pendulum during a given time, at 
different parts of the earth's surface, that the difference between 
the polar and equatorial diameters of bur globe was first 
ascertained (§. 95). 

255. There is little difficulty in comprehending certain ob- 
vious principles, on which the action of the pendulum depends. 
We shall in the first instance, for the sake of simplicity, consider 
the weight or bob as spherical, and the line that suspends it aa 
having itself no weight ; so that the centre of gravity of the 
whole is in the centre of the bob. Let A B be such a pen- 
dulum, hanging at rest from the point A; it is obvious, 
from what has been formerly stated regarding the properties 
of the centre of gravity, that this will be in a state of rest 
only when it is in the lowest position that it can assume, 
which is, of course, when the line A B is perpendicular. 
But suppose that the ball B is drawn or pushed out of the 
perpendicular, as to C ; then it will tend to return to the point 
B, precisely as would a rounded body set free to roll down 
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an inclined plane ; since in so doing it will descend through the 
height E B. But its motion, at first slow, will gradually 

increase in rapidity, on the 
principles explained in the 
preceding chapter ; and by the 
time that it has arrived at B, 
it has acquired a considerable 
velocity. This acquired velo- 
city is sufficient to cany the 
body onward in the same 
circular line, even though it 
is no longer descending, bat, 
!^ having passed the lowest point 
^ B, it begins to rise again. 
3^ For it will be evident, from 

Fio. 57. the law of retarded motion 

(§. 250), that the velocity gradually acquired by the ball in 
its accelerating descent from C to B, is exactly that which, 
if applied in the opposite direction to the ball when at B, 
would move it from B to C with a velocity gradually retarded 
by the influence of gravity; and which, acting on it in the 
direction B C, will carry it onwards to the point D at an 
equal distance on the other side. At D it would come to a 
stand, the moving power being then expended. Having arrived 
at D, it recommences its descent towards B, and gathers, as 
before, enough of force to carry it beyond B, to C, the point 
from which it started, and from which it will again return in 
the same manner. 

256. The vibrations of such a pendulum, even if friction 
could be done away with at the point of support, must come to 
an end in no very long time ; since the extent of every one is 
rendered less than that of the last, by the resistance of the air. 
A pendulum made to vibrate in a perfect vacuum, however, will 
continue for many hours. 

257. The length of time which is required for each vibration 
is but little influenced by the degree of stoin^ which it has ; that 
is, the vibrations occupy nearly the same time whether they are 
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long or short. Indeed, for all practical purposes, the times 
of vibrations of different lengths may be regarded as equal, at 
least while they are not very long ; as will be presently shown. 
This property is termed isochroniim^ from two Greek words 
signifying equal times; and the vibrations are Said to be 
isochronotu^ when long and short vibrations are performed in the 
same time. The isochronism of the pendulum was not known 
before the time of Galileo ; and is said to have been first 
obserTed by him when very young, in the swinging of a lamp 
hung from the roof of the cathedral at Pisa. He was struck 
with the equality of the times in which the lamp continued to 
perform its vibrations as its motion subsided ; '^ and this obser- 
vation of a child became in the mind of the man a principle of 
philosophy, on which some of the greatest discoveries of science 
have been founded."* But the time of the vibrations depends 
upon the length of the pendulum ; and for every measure of 
leng^ there is a certain determinate iMm, Thus, the length of 
a pendulum which should occupy one second in each vibration 
(such as that of a common eight-day clock), would be found to 
be about 39^ inches, — if we could measure the distance from the 
point of suspension to the point in which its whole weight might 
be r^arded as concentrated. Now the length of a pendulum 
vibrating half-seconds, such as that of a small table-clock, would 
be about 9f inches, or one-fourth of the last, reckoned in the 
same way; whilst the length of a pendulum whose beat occupies 
two seconds, is about 156^ inches, or four times the last. Thus 
we see that* when the time is doubled, the length is quadrupled; 
and that, when the time is only half, the length is a quarter. 
The law expressing the proportion between the time of vibra- 
tion and the length of the pendulum is, therefore, simply this; 
— that the time varies in proportion to the square of the length. 
Thus a pendulum whose vibrations are required to be 3 seconds 
in length, must be 9 times the length of that vibrating single 
seconds, or about 352^ inches, almost the height of a common 
three-story house ; whilst a pendulum to vibrate only thirds of a 
second, must be only l-9th the length of a seconds' pendnlnm, fx 
abont 4^ inches. 
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258. In order that the' laws regulating the action of the 
pendulum may be properly understood, it will be necessary to 
consider the mode in which the force of gravity will act upon 
bodies, in causmg their descent along inclined surfaces, whether 
these surfaces axe plane or curved. 

259. Every one knows that a body left to itself will roll or 
slide down a hill, provided that its friction be not too great to 
prevent its being set in motion. We are continually in the 
habit of trying the level of a table, by putting a marble, a ruler, 
a pencil-case, or any round body, upon it ; and observing if it 
has a tendency to roll in either direction, or remains at rest in 
all positions. We are also familiar with the &ct, that the 
rapidity of the movement depends on the degree of steepness or 
inclination of the surface,— that is, upon the amount of its fall 
in a given length, — ^being greater as this is increased. And it 
is further a matter of cbmmon observation, that the body com- 
mences its movement slowly, and increases in its rate, until it 
arrives at the bottom. The modification in the law of gravity, 
which is applicable to this case, is very easily understood. 
Putting aside the effects of friction and resistance of the air, a 
body moving down an inclined plane will have acquired, by the 
time it reaches the bottom, a velocity exactly equal to that 
which it would have acquired by falling directly through a 
height equal to that of the plane. Thus, suppose an inclined 
surface to be 144 feet higher at one end than at the other; > 
body, in falling directly through that height, will occupy 3 
seconds ; and at the end of that period, it will be moijng with 
a velocity of 96 feet per second (§. 242). This velocity, then, 
will be precisely that which the same or any other body would 
acquire in rolling down an inclined plane having the same 
height, whateifer be the length of the plane. Thus, the plane 
might be so long — a mile for instance — ^that its inclination 
would be scarcely perceptible; or it might be so short-— 200 
feet for example — ^as ta be steeper than the steepest accessible 
hill : in both instances, the velocity acquired at the bottom will 
be the same, so that the body would move over the same space 
of level ground in the next second ; but the length of time 
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necessary for the acquirement'of that velocity will he very much 
greater in the former case than in the latter, and the rate of 
movement will therefore have heen much slower. 

260. It is evident, then, that we can so proportion the 
length of an inclined .plane to its height, as to make the rate of 
movement what we please. Thus, if we gradually diminish the 
height, the descent will he, slower and slower, until the plane 
becomes level, in which case there will be no movement at all ; 
or we may gradually increase it, until the plane becomes 
perpendicular, and then the body upon it will fall freely, 
according to the regular law. In any case, there will be 
precisely the same proportional acceleration of the movement 
during the descent as when the body is falling freely ; but the 
rate per second will be diminished according to the amount of 
inclination, just as it is in At wood s machine (§. 247), by the 
partial counterpoise of the weight. As the rate of movement 
which the body has acquired at the end of its descent, is always 
that which it would have gained when falling perpendicularly 
through the same height, whilst the txTM which is occupied in 
its fall depends upon the length of the plane, it is obvious that 
the rate per second at which the body commences its movement 
will depend upon the proportion between the height of the 
plane and its length. Thus, supposing that the plane be 144 
feet high, and 288 feet long; a body would require only 
3 seconds to fall through its height perpendicularly, but would 
occupy 6 seconds in rolling down the incline, commencing with 
a velocity of only 8 feet per second, instead of 16. Its rate 
of movement will increase in the regular proportion; thus 
falling 8 feet in the first second, it will fall (4 x 8) 32 feet 
in 2 seconds, (9 X 8) 72 feet in 3 seconds, (16 X 8) 128 feet 
in 4 seconds, (25 x 8) 200 feet in 5 seconds, and (36 x 8) 228 
feet or the whole length of the plane in 6 seconds. At the end 
of this time it will have acquired the velocity of (6 x 2 x 8) 
96 feet per second, which would have been acquired by a body 
falling perpendicularly in 3 seconds. But suppose that the 
plane had a length equal to 16 times its height; the body 
would then require 16 times 3 seconds for its descent, and 
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"would only commence at the rate of 1 foot per second. The 
whole space passed through in 48 seconds is found by multiply- 
ing the square of 48 by 1 foot (the space passed through in the 
1st second), as in the instances formerly stated (§. 246) ; and 
this gives 2304 feet, the length which the plane has been 
supposed to be (16 x 144). The velocity acquired at the end 
of the descent is found, by the same rule, to be (48 x 2 x 1) 
96 feet, the same as that of a body falling through a steeper 
plane, or through the perpendicular. 

261. Hence we see that, when a body descends along an 
inclined plane, its rate of motion is diminished in the exact pro- 
portion in which its length exceeds its height ; but that the kw 
of acceleration, owing to the continual action of the force of 
gravity, is exactly the same as if the body were falling freely. 
It is easy to understand why this diminution of rate should take 
place. For when a body is resting on a level surface, the whole 
of its weight is . resting on that surface, and its gravity cannot, 
therefore^ put it in motion. On the other hand, if the plane be 
raised into the perpendicular position, none of the weight is 
supported by it, and the force of gravity acts freely on the body. 
In all intermediate positions, a larger or smaller part of the 
weight is supported, in proportion as the plane approaches the 
horizontal or the perpendicular position. Now the action of the 
force of gravity upon a part of the body has to put in motion 
the whole of it, just as in Atwood'^s machine ; and thus the 
rate of its movement mudt be diminished, according to the pro- 
portion between the moving power and the amount to be moved. 
How this proportion is to be estimated, will be explained when 
the Inclined Plane is considered as one of the mechanical 
powers (§. 352). 

262. When a body moves down a curved surface, however, 
the case is materially altered. In the inclined plane, the amount 
of descent or fall is the same in every part of the plane ; and 
consequently the acceleration of the body'^s motion is unifomi. 
But this is not the case in a curved surface, as will be evident 
from a little consideration. In the accompanying figure, the 
straight line A B represents an inclined plane^ which is 
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divided into eiglit portions by horizontal lines drawn at equal 
distances ; these portions are equal, so that the length of the 
plane, everywhere, corresponds 
with its height. But A C B 
and A D B are two portions 
of circles, beginning and ending 
at the same points; and the 
movement of a body along sur- 
faces having these curvatures 
will be very different from that 
of a body descending the plane A B. For it is shown by the 
figure that, at the beginning of its course, the curve A C B 
departs but little from the level; so that for a body to 
descend through ]-8th of its height, it must pass through 
much more than l-8th of its^length ; whilst, in the latter part 
of its course, its rate of descent is much more rapid, since it 
approaches more nearly to the perpendicular. Precisely the 
opposite is the case in regard to the curve A D B. The rate of 
movement of a body descending through the curve A C B will 
be at first slow, therefore, but will afterwards increase more 
rapidly ; whilst, if descending in the curve A D B, its rate will 
be at first much more rapid than on the inclined plane, but it 
will afterwards be increased in a much less degree. The precise 
rate of a body descending through either of these curves, or any 
others, can be determined by mathematical investigations, which 
would be here out of place ; but the curious result is obtained 
from all, — ^that, whatever be the nature of the curve, the velocity 
which the body has acquired at the end of its descent, is exactly 
that which it would have acquired in its descent along an 
inclined plane of any length but having tHe same height, or in its 
perpendicular fall through a space equal to the height of the 
plane. 

263. It is not difficult to understand that a curve might be 
so formed, that the amount of its inclination at every point shall 
be in proportion to the distance (along the curve) of that 
point from the bottom ; as for instance that, half way up the 
ascent, the curve shall rise 1 inch for a foot of its length; 
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whilst^ at twice 'the distance from the bottom, the cnrve shall 
rise 2 inches for a foot of its length. Such a curve will have 
this remarkable property, — ^that, from whatever part of it a 

body be allowed to descend, it will 
reach the bottom in the same time. 
This will be easily understood by 
reference to the subjoined figure. 
Let A B be the curve; and Q 
and P two bodies so placed, that 
the distance P A (measured along 
the curve) is equal to twice Q A ; 
then, by the nature of the curve, 
its inclination at the point P is 
Fio. S9, twice as great as at Q, and a body 

which begins its descent at P will have twice the rate of the 
body which starts from Q. In the first second, therefore, P will 
have fallen twice the distance, reaching ji? 1 ; whilst the body Q 
reaches only q 1 : and as the distance P ^ 1 is twice Q </ 1, the 
remaining distance A j9 1 is equal to twice the remaining dis- 
tance A ^ 1 ; hence the acceleration during the next second of 
the motion of the body P, will be twice that of the body Q; 
and P will move through the space between p 1 and p 2, whilst 
Q moves only half the distance, that between q 1 and q 2. In 
the same manner, the distances which remain to be traversed by 
P and Q during the third second are still ad 2 to 1 ; and the 
rate of P being all along double that of Q, these distances will be 
performed in equal times, so that the two bodies will arrive at A 
together. 

264. The same principle holds good in regard to bodies com- 
mencing their descent at any part of the curve. Thus, suppose 
Q to commence near the bottom, and P at a distance (measared 
along the curve) equal to six times that of Q ; then the inclina- 
tion or fall of the curve at P being six times that of the curve at 
Q, the rate of a body starting at P will be six times that of a 
body starting at Q ; and as, from the nature of the curve, the 
acceleration of motion, during each succeeding second, bears the 
same proportion in both cases to the rate with which they 
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started, the body P will in each second move six times as fast as 
Q in the corresponding second, and will therefore arrive at the 
bottom at the same time with it. Such a curve is called an 
isochronotu curve ; and it is that known to mathematicians as 
the ctfdoid. It is precisely the curve which any point in the 
circumference of a carriage- wheel describes, when its motion 
round the axle is combined with its forward movement along 
the road ; and it may be marked along a board, by fixing a pen- 
cil or piece of chalk on the circumference of a wheel, and making 
the latter roll on any straight edge. 

265. In all the preceding statements, the effect of friction 
has been left out of the question ; it would, however, greatly 
influence the result ; since in the case of two bodies descending 
along unequal lengths of the cycloid, the one which traverses 
the longest space is more retarded by friction than the other. 
The most effectual way of getting rid of this friction, is to sup- 
port the body by a string hanging from a fixed pointy in the 
manner of a pendulum. But i^ body thus supported would 
obviously vibrate in a portion of a circle ; and some peculiar 
means must be taken to make it vibrate in a cycloid. The very 
simple means to be adopted, depend upon a peculiar property of 
that curve. If two surfaces be cut out of the form of half cycloids 
(represented by A B and A C) and they be placed together, so 

that their extremities join in A whilst 
their other ends B and C are in the 
same horizontal line, — a body P sus- 
pended from A by a string equal in 
length to A B or A C, will oscillate from 
B to C along a curve which is not a 
circle but a cycloid. From the peculiar 
nature of this curve it results, that, 
whether the oscillations be long or short, 
whether they commence from B, P, or 
E, they will occupy the same time; 
since the body will descend along the 
cycloid in equal times, wherever it com- 
mences its descent ; and the same law holds good regarding its 
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ascent on the other side. Bj such a contrivance, then, we 
might ohtain a pendulum which should be perfectly isochronous, 
—that is, which should oscillate in precisely the same time, 
whether its movements be long or short. 

266. But though the plan appears so simple, it cannot he 
accurately put in practice ; for it is impossible to find any 
material fit to support a pendulum, which would not require 
some force (however small) to bend it against the two cycloidal 
cheeks, and which would not be in some degree attracted by 
them when brought into close contact. Hence the operation of 
such a pendulum would be sufficiently disturbed, for its move- 
ments to be less regular, than those of a simple pendulum oscil- 
lating through small spaces. For if a circle be draven from the 
point 0, which is at twice the distance of A from D, thk circle 
will so nearly coincide with the cycloid for a short distance on 
either side of the point D (say to E) that the movement of a 
pendulum along that portion of the circle will be isochronous, 
whether they be longer or shorter. If, however, the oscillations 
be much longer, they will cease to be isochronous ; for they will 
occupy a longer time, in consequence of the greater space to be 
passed through ; since this greater length is not compensated 
in the circle, as it is in the cycloid, by a proportionably greater 
inclination. Hence, in the construction of clocks of the best kind, 
the simple pendulum is employed; and it is connected with 
the clock-work in such a manner as to oscillate through small 
spaces, so that its beats always occupy the same time, whether 
they are a little longer or a little shorter than the average. 

267. But the slightest variation in the length of the pen- 
dulum, that is, the distance of the weight from the point of 
snspenaon, influences the time of its oscillation ; and this may 
be readily explained according to the law of the descent of bodies 
along inclined surfaces, already stated. For it is obvious that, 
since the ball of a short pendulum has to move down a much steeper 
curve than the ball of a long one, it must therefore descend 
much fiister ; so that a very slight diminution in the length of 
the pendulum, by increasing the steepness of the curve even in 
a veiy tnfling degree, wiU diminish the time of its oscillations ; 
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and tbongh this dimination may not be perceptible when two op 
three, or even twenty or thirty are counted, it becomes very 
evident wh^Ei a large number are registered, as they are in a 
clock. In regulating a clock, therefore, we shorten the pendu* 
lum (by turning a screw at the bottom, which slightly raises the 
weight) when we desire it to go faster; and lengthen it, by 
letting down the weight a little when we desire it to go slower. 
An alteration of no more than 3-lOths of an inch will make a 
difference of 6 minutes a day in the going of a clock. 

268, I The proportion already stated (§ 257) to exist between 
the lengths of pendulums oscillating in different times,-^that the 

lengths vary as the squares of the 
times, — follows naturally from 
the law of the descent of falling 
bodies, — that the heights through 
which they fall vary as the squares 
of the times. Thus, let A C be a 
pendulum of any given length, 
whose point of suspension is A ; 
if the weight be let go from B^ 
it will descend through the quar* 
ter of the circle whose centre is 
A, until it reaches its lowest 
point C, after which it will ascend as high as B on the other 
side, if permitted to do so. In descending to C it falls through 
the perpendicular height B D, which is equal to A C, — say in 
two seconds. In one second it will only fall through a quarter 
of that height (§ 242) ; and therefore the length of a pendulum 
A e^ adapted to describe the curve hem half the time that is 
required by A C to traverse B C, must be only one fourth of 
A 0. The same thing holds good with respect to smaller por- 
tions of the circle. The pendulum A C in moving from E to C, 
falls through the space E F ; and the pendulum A c, of one- 
fourth the length, in moving from eio c faUs through efy which 
is equal to one-fourth E F, in half the time. In the same man- 
ner, a pendulum must be four times the length of A C, to occupy 
twice the time in describing any portion of its curve, that is 

p2 
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required by A C to describe a corresponding portion of t^ 
curve. 

269. The time of oscillation of a pendulum is liable to be 
affected hy changes of temperature ; since almost all substances 
expand by heat and contract by cold ; and, as already remarked, 
a very slight alteration is sufficient to produce a decided differ- 
ence in the going of a clock. In order to prevent this, several 
ingenious contrivances have been devised, in which the effect of 
a change of temperature on one part is made to counterbalance 
itself in another. These sixe termed compensation pendulums ; 
and those forms in most general use vnil be described in the 
treatise on Heat. The simplest is that which is termed the mer- 
curial pendulum ; and its construction is very easily understood. 
Instead of a solid weight, it carries at the bottom a jar contain- 
ing mercury. The expansion of mercury is much greater, in 
proportion to the length of the column, than the expansion of 
the steel or iron rod by which it is suspended ; and whilst the 
latter expands downwards, so as to increase the length of the 
pendulum, the former expands upwards, from the bottom of the 
jar towards the point of suspension. In consequence of the 
greater proportionate expansion of the mercury, the rise of the 
surface of the short column in the jar is enough to compensate 
for the lowering of the jar by the expansion of the much longer 
steel rod which carries it ; so that the centre of gravity in the jar 
is always kept at the same point, and the acting length of the 
pendulum remains the same, therefore, at all temperatures. A 
piece of dry wood, however, has its length so little affected by 
heat or cold, that a pendulum whose weight is supported by such 
a rod, is almost as good as one in which there is a contrivance 
for compensation ; and in many large public clocks this is the 
plan adopted. 

270. We have hitherto considered the action of the pendulum 
as if its rod were without weight ; and as if the whole weight 
which it carried were concentrated into one point, the centre of 
gravity* But this is not actually the case ; and the difference 
comes to be of much importance. For if we consider the whole 
weight to be made up of a great number of separate particles, 
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and these to be all suspended from the same centre, it is obvious 
that they will not all oscillate in the same length of time, since 
some of the particles are much further from the point of suspen- 
sion than others. Suppose the weight to be a round di3c like 
that usually employed (which is made thin at its edges, in order 
to be as little obstructed as possible by the resistance of the air) ; 
then if that weight were cut across into three parts, and these 
parts were suspended by strings of such a length that they would 
hang at the same distance from the point of suspension as before, 
— the middle piece would oscillate about in the same time 
with the whole weight, whilst the upper piece would oscillate 
faster, and the lower piece slower. Thus we see that the con- 
nexion of these parts into one whole, makes the particles near 
the point of suspension oscillate more slowly than they would 
otherwise do, or retards them; whilst those more remote are 
urged forward in their oscillations, by the tendency of the nearer 
particles to more rapid movement. Or suppose that a straight 
rod were suspended at one end, and set to swing like a pendulum; 
the oscillation of every separate part of that rod would be per- 
formed, if suspended by itself, in a different time, depending 
upon its distance from the centre of suspension ; but by their 
union into one solid mass, those that would oscillate slowly on 
account of their distance from the centre are hastened, and those 
that would oscillate more quickly are retarded, by the rest. It 
is easy to understand, therefore, that the time of movement of 
the whole rod will be a kind of average of the times in which 
its several particles would oscillate, if hung separately at their 
respective distances from the centre of suspension; and that 
there is some point of its length in which the several effects will 
be all Balanced, all the particles above it having just the same 
tendency to move faster, as the particles below it have to move 
more slowly. This point is termed the centre of oscillation ; and 
its distance from the centre of suspension is the virtual or acting 
length of the pendulum. 

271. The place of this centre of oscillation cannot in general 
be found except by intricate mathematical calculation, or by 
very careful experiments. It may be very near the centre of 
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gravity; or it may be at a cooBiderable distance from it, — ^in fact 
eyen far below the extremity of the pendulum. It is very near 
the centre of grayity, when the weight of the pendulum is heayy, 
and the rod light ; so that the quicker oscillations of the part of 
the weight above its centre of gravity are nearly counterbalanced 
by the slower oscillations of the part below. And if the whole 
of the weight could be really brought together in the centre of 
gravity, this would be also the centre of oscillation. Bnt in the 
case of a uniform straight rod, whose centre of gravity is in the 
middle of its length, the centre of oscillation is above this ; for 
if the bar were cut across at this point, and each half were 
suspended separately at its previous distance from the centre of 
suspension, the upper half would oscillate considerably faster, 
whilst the lower half would not oscillate much slower than the 
entire rod. Hence, when the whole rod is united together, the 
upper parts have a greater tendency to push on the lower than 
the lower have to drag behind the latter, and the time of oscilla- 
tion is shorter than it would be, if the pendulum had the virtual 
length of half the rod. 

272. On the other hand, suppose the rod to 
be prolonged above the centre of suspension, 
then the centre of gravity is raised, but the 
centre of oscillation is lowered. For let A B be 
such a rod, and G its centre of suspension ; then 
the part A C above tne centre deicends, whilst 
the part G B below the centre aecende^ and 
therefore exactly counterbalances the tendency 
of the portion C D (equal to A C) to move 
vnth the rest of the rod. (This is evident, be- 
cause if A D were the whole length of a rod, 
supported upon the centre G, it would have no 
tendency to move either in one direction or the 
other, its two ends being equal.) The acting 
; — '^i portion of the pendulum is, therefore, the part 
Fkj.62. D B; and the centre of oscillation O will be 

that point in it at which the tendency to quicker movement in the 
particles in the upper portion D O, counterbalances the slower 
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movement of those in the lower portion O B. Hence the centre 
of oscillation is much below the centre of gravity G ; and if we 
increase the length A C^ of the portion of the rod above the 
centre of suspension, we shall bring the centre of gravity nearer 
and nearer to that centre, whilst it throws the centre of oscilla- 
tion further and further off towards the lower end of the rod. 

273. If, instead of a rod, we employ a wire with two weights 
upon it, the lower one being iixed^ and the upper one sliding on 
the wire, we have a pendulum which, within a very small com* 
pass, may be made to represent pendulums of many different 
lengths. For if the upper weight A be placed at such a height 
that the centre of gravity is but little below C, then the pre- 
ponderance of B will be all that there is to put the mass in 
motion. The case then closely resembles that of At wood's 
machine ; since the greater part of B'*s tendency to descend is 
expended in causing A to ascend ; and the remainder, which 
would oscillate in very short times if left to itself, has to move 
both A and B along with it; so that its rate of motion is 
diminished, just in proportion as their united bulk exceeds their 
difference. The more nearly the two weights are made to balance 
each other, the less will the difference be, and the slower will be 
the movement. Thus, if A and B be each at the distance of 
df inches, and B exceed A by one-eighth of their combined 
weight, then the tendency of that small quantity to oscillate in 
half-seconds will have to put in motion eight times its weight, 
and its rate will be eight times as slow; so that such a pendu- 
lum will really be 4 seconds in going through each oscillation, 
to perform which would requure a simple pendulum of (16 x 394-) 
626|- inches in length. Thus a pendulum not more than a foot 
from end to end, may be made to oscillate in times equal to those 
of any simple pendulum from a few inches to many feet in 
length. Such pendulums are for many reasons not so certain 
in their oscillations as those of the ordinary kind, being more 
influenced by slight causes, such as a difference in the resistance 
of the air at different times; and they cannot therefore be 
advantageously employed for time-pieces. But they are very 
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usefully employed in instruments termed metronomes^ which are 
designed to beat time in the performance of music ; and they 
are extremely convenient for this purpose, since a small case 
contains the pendulum and the clock-work that keeps it in 
motion; and this pendulum may be readily adjusted, by altering 
the place of the upper weight, so as to make any number of 
beats in a minute ; and all modem music has the time, in which 
the composer intended that it should be played, marked at its 
commencement. 

274. From the laws of the action of the pendulum which 
have now been explained, it is obvious that the material of 
which the weight is composed has no other influence on the .time 
of the oscillations, or on the length of time they will continue 
without assistance, than that which results from the resistance 
which each experiences in proportion to its weight. Thus, sup- 
pose two balls of the same weight, one of lead, and the other of 
cork, to be suspended by strings of the same length, and to be 
put in vibration, — the resistance of the air would be experienced 
by the cork ball in a much greater degree than by the lead, on 
account of its much greater size : this resistance will slightly 
diminish the length of each oscillation, and at last it wiU bring 
the pendulum to rest. Or suppose that the two balls are equal 
in size, so that the resistance of the air is the same ; then the 
cork ball will be retarded most, because the force with which it 
descends is less, and the resistance bear^ a larger proportion to it. 
Suppose the weight to be diminished, whilst the surface remains 
large — as when a feather is hung by a thread and made to 
vibrate ; — ^the resistance is then so great, in proportion to the 
tendency of the feather to descend, as almost to overpower it. 
Yet if a feather suspended by a thread were made to vibrate in 
a space completely exhausted of air, along with a ball of cork, 
and a mass of lead of any weight, suspended by strings of the 
same length, they would all vibrate in the same times, and 
would continue their movements for as long a period. 

275. The vibrations of a pendulum may be made to continue 
for any length of time, by giving it, at each oscillation, such 
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a slight additional impulse, as may serve to make up for the 
loss occasioned by friction and the resistance of the air. The 
object of the weight and wheel-work of a clock is to communi- 
cate such an impulse ; and also to register the number of oscil- 
lations which the pendulum makes. The pendulum is connected 
with the wheel-work by a peculiar contrivance termed the 
egeapement: this is so arranged with reference to the highest 
wheel, that each oscillation of the pendulum shall allow the 
wheel to move onward by a space equal to half of one of its 
teeth ; and that the wheel, which is made to turn by the power of 
the weight communicated to it through other wheels, shall, at 
the same time, give a very slight additional impulse to the pen- 
dulum. This wheel (termed the scape-wheel) is the one on 
whose axis the seconds-hand of the clock is placed, each revolu- 
tion being accomplished in one minute ; it is connected with 
another wheel which is made to occupy 60 times as long in 
revolving, and this carries the minute-hand ; and this is con- 
nected with another wheel, which revolves in twelve times the 
period, and carries the hour-hand. Thus the scape-wheel 
registers, by the hand which it carries, the oscillations of the 
pendulum up to 60, or one minute; the minute-hand registers 
the number of revolutions of the second-hand up to 60, or 
one hour; and the hour-hand registers the number of revolutions 
of the minute-hand up to 12, or in some clocks 24. In some 
clocks, there is an additional index of the days ; which makes 
one revolution in a month. 

276. If the pendulum and escapement were removed from 
the clock, there would be nothing to prevent the train of wheels 
from being turned round with great rapidity, by the weight or 
spring acting on it ; and the weight would speedily run down. 
On the other hand, if- the weight or spring cease to act, the 
oscillations of the pendulum soon come to an end. The rate of 
movement of the wheels is entirely controlled by the pendulum ; 
thus to the same clock we might attach a pendulum vibrating 
seconds, or one vibrating half-seconds ; and its rate, the weight 
being the same, would be twice as great in the latter case as in 
the former, since the teeth of the scape-wheel are allowed ta 
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pass twice as fast. An addition to the weight will not make 
the clock go faster, but slower; for it will give a slight 
additional impulse to the pendulum at each oscillation ; and 
this, making its swing greater, will increase the time which it 
occupies. — ^The application of the pendulum to clocks, as the 
regulator of the movement of the wheel-work, was first made 
by Huyghens, about the year 1657. Previously to that date, 
the pendulum had been employed in astronomical observations, 
to measure small periods of time, such as those in which the 
sun and moon traverse a space equal to their own diameters ; 
but no means had been devised for keeping it in continued and 
regular action. 

277. lii is a matter of great importance to determine with 
perfect accuracy the length of a pendulum vibrating seconds; 
that is, to ascertain the distance between its centres of suspen- 
sion and oscillation. This is different^ at different parts of the 
earth^s surface, in accordance with their varying distances from 
its centre (§ 95) ; and if the length of the pendulum vibrating 
seconds in each place can be ascertained, it gives very important 
assistance in the determination of the figure of the earth. Even 
a comparatively small distance between two places wUl make 
a decided difference in the length of the pendulum vibrating 
seconds at each. Thus, at London, which is in lat. 51^^, the 
length of the seconds' pendulum is estimated at 39*13929 
inches ; whilst at Unst, in the Orkneys, in lat. 60|:°, the length 
(owing to the greater attraction of the earth as we approach the 
Poles) must be increased to 39' 17146 inches, for the vibrations 
to be performed in the same time. The difference may be more 
easily understood by comparing the number of vibrations which 
the same pendulum will make in a given time at the two 
places ; for a pendulum which vibrates 2,390 times vdthin a 
certain period in London, will vibrate 2,391 times in the same 
period at Unst, so that it would gain about a second and a half 
in the 3,600 oscillations which the seconds' pendulum makes in 
an hour. 

278. In fixing our standard of measure, it is of great import- 
ance to be able to connect it with some known length; which, if 
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the standard. should he lost or injured, may enahle us to replace 
it. Thus, in Britain, all our measures of length were deter- 
mined hy a standard kept in the Houses of Parliament, which 
was destroyed when they were burned ; and, if an accurate copy 
of this had not existed elsewhere, the standard would have beea 
altogether lost. The only way of replacing such a loss would 
be, by having previously ascertained the proportion which the 
standard bore to some natural quantity, which could be accu* 
rately measured, and which always remains the same ; so that, 
by a reference to this, the standard might be reconstructed. 

279. The French Government have taken, as their natural 
standard, the distance from the pole of the earth to the equator, 
or a quarter)|[of the whole circumference measured on the meri-* 
diaa line; and of this^ the ten-millionth part constitutes the 
metre, the standard from which all the French weights and 
measures are computed. The length of the metre is 39*37079 
inches. The length of the quarter-circumference is determined 
by astronomical observation ; and although it is scarcely to be 
supposed that this determination is perfectly free firom error, yet 
it is easy to see that an error of some considerable amount in the 
whole, will be very minute when divided into ten million parts ; 
and also that, supposing it were necessary to replace the standard, 
the same set of observations, repeated in the same manner, 
would give a result almost exactly the same, ' 

280. The English Government have taken as their standard 
the length of the pendulum vibrating seconds in the latitude of 
London, at the level of the sea, and in a perfect vacuum ; and 
to ascertain this, a series of very iogenious experiments has been 
made by Captain Kater. By those who had previously endea- 
Toured to determine the length of the pendulum, the place of the, 
centre of oscillation had been calculated from the form of the body 
employed, and the density of its different parts ; but a different 
method, and one which appears much more accurate, was adopted 
by Captain Kater. He made use of the curious discovery of 
Huyghens (who published a work on the theory of the pendu- 
lum in 1673, in which the remarkable property of the cycloidal 
pendulum was explained), that in any pendulum, the centres of 
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suspension and of oscillation are mutually convertible ; — ^tliat is, 
a pendulum being suspended from a certain point, and its centre 
of oscillation being known, if we then hang it from that centre 
of oscillation, it will vibrate in the same time as before, and the 
previous centre of suspension will become the centre of oscillation. 
Now it is obvious that, supposing the centre of oscillation not to 
be exactly known, it may be determined from this property of 
the pendulum. For if the pendulum be suspended from one 
centre, and its number of beats be observed, we have only to 
adjust the other centre in such a manner, that the number of 
beats shall be the same when the pendulum is suspended from 
it ; since in no other point than the centre of oscillation can this 
equality exist. 

281. It is found more convenient in practice, however, to 
have the centres fixed in the bar, and to make the weight (or a 
small part of it) movable ; so that by a change in 
its position, the times of oscillation may be made 
equal for each point. The form of the pendulum 
employed by Captain Kater is represented in the 
accompanying figure. It consisted of a bar, into 
Tl "^ which two axes were fixed at c and o ; and when 
either of these axes was made to rest upon a hard 
plane surface, the pendulum would swing from it 
as from the centre of suspension. In the left«hand 
figure, the pendulum is represented as suspended 
from the point c ; and in the right-hand figure from 
the point o. On the bar is fixed a principal weight d; 
a smaller weight e is movable, but may be fixed at any 
point ; and there is a still smaller weight, f^ which 
is also movable, but capable of being fixed. By a 
change in the place of ^ the oscillations of the pen- 
dulum in the two positions may be brought to 
nearly the same rate ; and they may be finally adjusted 
to an exact equality, by changing the place of the smallest 
weiMit/. Thus, suppose the number'of beats, when the pen- 
dulum is suspended from c^ to be 606 in a given time ;* and the 
number, when it is suspended from o to be 601 ;— by slightly 
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moving the weight/ towards o, the time of the vibrations of the 
pendulum will be increased when the pendulum is suspended 
from Cy and their number in a given time consequently dimi- 
nished. On the other hand, when the pendulum is suspended 
from Oy the alteration in the position of /which has brought it 
nearer to o renders the vibrations faster, and therefore more 
numerous in a given time ; and thus by the increase of the one, 
and the diminution of the other, the number of vibrations of the 
pendulum, when suspended from either centre, is brought to pre- 
cisely the same number. When this is the case, we know that 
the point o is the centre of oscillation when c is the centre of 
suspension, and that c is the centre of oscillation when o is the 
centre of suspension ; so that, by measuring the distance between 
the two centres, we obtain the virtual length of the pendulum, 
which vibrates at that particular rate. 

282. It is not at all necessary that such a pendulum should 
be adjusted so as to vibrate in seconds; since, the precise 
length of any pendulum being known, and the number of its 
vibrations in a given time, the length of the seconds' pendulum 
is ascertained by the simple rule alreadyjgiven. As in such 
experiments it is not permitted to connect the pendulum with 
clock-work, by which its motion might be kept up, — since the 
additional impulses thus communicated would produce a con- 
siderable error in the result, — ^the observation of its vibrations 
can only be continued for a short time ; and they are compared 
with those of a pendulum of an ordinary clock, accurately 
adjusted to vibrate in seconds, by the following method. It is 
advantageous for the two pendulums to be nearly, but not quite, 
the same length ; and one is hung exactly in front of the other, 
80 that it can be seen whether they pass the same parts of their 
beat together or separately. Let us call the two pendulums 
A and B, and suppose that A is vibrating seconds, whilst B is 
oscillating rather faster. If now both pendulums be set in 
motion at the same instant, and be looked at in front, B will be 
seen to gain a little upon A at each oscillation, and at last it will 
be moving one way whilst A is moving the other, having gained 
half a beat ; after as many more beats, it will have gained as 
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macb more, and will re-commence at precisely the same time 
-with A, haying performed one more oscillation in that interval. 
That eaineidence will be only for a moment ; since in the Tery 
next beat B will have gained a little upon A : but it will be 
repeated again and again, after every similar number of beats. 
It is not requisite to count the number which intervenes, hut 
merely to ascertain how many eotnddmces take place in a given 
time as shown by the clock. Thus, suppose that 10 coincidences 
are observed in one hour, during which A (the seconds* pen- 
dulum) makes 3600 oscillations ; then for every 3W oscillations 
there vnll have been one coincidence, indicating that B has per- 
formed one oscillation more than A in that period. If B be 
longer than A, and its oscillations be slower, precisely the same 
principle applies; but the number of its vibrations is then one 
less than that of A, for every coincidence. 

283. When the rate of a pendulum and its virtual length 
have thus been ascertained, the length of the seconds' pendulum 
is easily calculated by the following proportion : — as the square 
of the time of the one pendulum is to the square of the time 
of the seconds^ pendulum, so is the ascertained length of the 
one pendulum to the length of the seconds' pendulum. When 
the latter has been determined by a common rule-of-three 
sum, there are still many corrections to be applied to it, in 
order to rectify it for the purpose of serving as a standard. 
Thus, the height of the place of observation above the level of 
the sea may make a sensible difference in the result; and in 
order that observations made in different places may be com- 
pared with each other, it is desirable to reduce them all to an 
uniform standard, — ^the sea-level. Again, as the density of the 
air is so different at different times, and as its resistance acts so 
differently on pendulums of different forms and materials, a cor- 
rection must be made for it ; and here, too, it is most convenient 
for the comparison of observations made under different circum- 
stances, that they should be all corrected so as to represent the 
length of a pendulum oscillating in a perfect vacuum. This 
correction can be made by calculation, founded on the form and 
density of the pendulum. The result of these calculations has 
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been to make the length of the seconds' pendulum, in the lati- 
tude of London, 39*13929 inches ; and this has been declared by 
Act of Parliament to be the standard of measure. It "was in- 
tended that, in case of the standard being lost, destroyed, or 
injured, the new one should be constructed by the natural 
standard thus obtained ; — that is, if the length of a pendulum 
vibrating seconds were divided into 3,918,929 parts> the standard 
yard should be 3,000,000 of those parts. It is doubtful, how- 
ever, whether this determination of the length of the pendulum 
is accurate; and it has been stated on high authority, that 
if a new. standard were constructed from it, this would differ 
sensibly from the old one. It appears that there are sources of 
error which had not been suspected ; and that these should im* 
pair our reliance on the perfect accuracy of the experiments 
hitherto made in this country. The latest, and probably the 
most accurate, series of such experiments, is that made at 
Konigsberg by the celebrated astronomer Bessel ; the result of 
these gives as the length of the seconds' pendulum, in 54** 13' 
north latitude, 440*8179 French lines, which is equivalent to 
about 39*1593 English inches. There is not much difference, 
however, between this estimate and that of Captain Kater, for 
a corresponding latitude. 



CHAPTER X. 

OF THE SIMPLE MACHINES, OR MECHANICAL POWERS.— THE 
LEVER, WHEEL AND AXLE, AND PULLEY, 

284. In the preceding chapters, we have been occupied with 
the considerations of forceB acting directly upon bodies, or their 
particles. Thus we traced, in the first instance, the operation 
of the forces of cohesive and adhesive attraction, in uniting toge- 
ther the particles of the same or different kinds. We then con- 
sidered the attraction of masses of matter for each other ; and 
especially that form of it, so important to us, in which it acts 
on the earth's surface, — the attraction of gravitation. The prin- 
cipal consequences of this attraction were then pointed out ; the 
laws of the centre of gravity, and the mode in which they affect 
the stability of structures, were explained ; and the laws governing 
the fall of bodies towards the earth were stated, and their appli- 
cation shown. And under the head of the Laws of Motion, the 
manner in which bodies are affected by forces of other kinds, 
whether acting together or in different directions, was fully 
discussed. — There are a great number of instances, however, 
in which force is indirectly applied to the body on which it is 
to be exercised ; some machine or instrument being employed, 
by which the force may be applied more conveniently as to 
its amount or direction, or by which its character may be so 
changed, that it can accomplish what it never could have done 
in its original form. Thus, to take the simplest possible illus- 
tration, we use a poker to stir the fire, because it would not be 
.convenient, but would on the contrary be extremely injurious, 
to place the coals in the desired position by the direct use of our 
hands, though we certainly could do so ; we therefore apply our 
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force to the poker, and the poker acts on the coals. Again, in the 
case of a water-mill, the force of running or falling water is 
made, through the intervention of machinery, to grind com, to 
roll out bars of iron, or to work a massive hammer, — operations 
which it cordd not perform, except when indirectly applied in 
such a mode as this^ 

285. Now there is no power, in any machinery, of creating 
force ; it can only apply, in a more advantageous manner, the 
force by which it is itself moved. This will be easily understood, 
from what has been formerly stated (Chap. YI.) of the tendency 
of all matter to remain in the state in which it may be at any 
given time. . Thus, a machine at rest remains at rest until it is 
moved by a power applied to it ; and when in motion, it would 
remain in motion, if it were not for friction and the resistance of 
the air, until stopped by a force equal or superior to that first 
applied. Any inferior force will be overcome by it ; and thus 
the power first communicated may be applied to any operations 
which only require this. . A steam-engine, for instance, is a 
machine contrived for the purpose of advantageously applying to 
use, the power communicated by the e3(pansive force of steam ; 
but it can itself create no power, and remains inactive until 
steam is forced into it from the boiler. Now, in machines of 
some kinds, a great power slowly applied is employed to effect 
a number of operations which must be performed very quickly ; 
this we see, for example, in a mill for spinning cotton or silk, 
of which the spinning-reels are turned round many hundred 
times, whilst the axle worked by the steam-engine turns only 
once. But we should find that we might stop any one of these 
reels by the touch of the finger, so little is the power applied to 
it ; whilst no force that we could employ could offer the least 
resistance to the motion of the steam-engine. Or, to take a 
more familiar instance, in the movement of a watch, the power 
communicated by the main-spring is applied to a train of wheels, 
and produces a much more rapid movement in the balance and 
the wheel which acts upon it ; but we find the power with 
which they move to be far less than that of the main-spring, 
since the slightest touch of the finger will chSck their revolution, 
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whilst the winding-up of the mun^spring requires a far greater 
force. Hence we see that what is gained in Telocity is lost in 
power. The converse — ^that what is gained in power is lost 
in velocity — ^is also true; and of this we may find numerous 
instances^ in which machines are so constructed as to concen- 
trate (so to speak) the power applied to them, so that it is ren- 
dered sufficient to overcome a fax greater ohstacle than before, 
but does this much less rapidly. Thus, by a system of pullies 
or a windlass, we see a man raising a weight many times greater 
than he could lift without their assistance ; but whilst his arms 
move through a considerable space in pulling the rope of the 
pullies, or in turning the windlass, the weight rises in a far 
smaller degree. 

285.* All machines, however large and complex, are made up 
of parts which are very simple in themselves ; and these may 
be termed simple mackine» or mechanieal powers. They are 
usually thus enumerated. The Leva*, Wheel and Axle, Pulley, 
Inclined Plane, Wedge, and Screw. The laws governing the 
action of each will now be separately considered. 

The Lever. 

286. By a lever is understood an inflexible straight bar, 
supported, at some part of its length by a prop, or Julerum; it 
is employed to move a toetght^ or overcome a restetanee, bearing 
on one point, by a power applied to another. In our idea of 
a lever, therefore, we have simply three things to consider, — ^the 
power, weight, and fulcrum; the relative distances and positions of 
these govern the action of the lever. There are two principal 
varieties of the lever ; in the first, the power is at one end, the 
weight at the other, and the fiilcmm between them, in this mode: 

y I , ; such a lever is spoken of as belong- 

ing to the^r*^ order. In the other kind, the fulcrum is at one 
end, so that the weight and power are both on the same side of 
it. In this case, the weight may be nearest to the fulcrum, and 
the power at the other end of the lever, the arrangement being 

thus ; , 7 % * ^^'^ * ^®^®' ^ 8*id to be of 
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the 9econd order. Or the power may be nearest to the fulcruni, 
and the weight at the opposite ej^tremity, so that the arraDge*- 

ment will be 7 ^ f ; this lever is said to 

I— — ■■ I i 

be of the third order, 

287. The fundamental mle governing the action of all these 
forms of lever is precisely the same. "When the lever with its 
power and weight are in equilibrium/ the power and the weight 
will be to each other in the inverse proportion of their respective 
distances from the centre; which is the same as saying that 
the power is to the weight, as the distance of the weight is 
to the distance of the power. Thus, suppose that we have a piece 
of meat exactly balanced, when hung from a steel-yard (§ 318), 
by the weight on the opposite side of the point on which it 
turns (the fulcrum); now if the weight be 2 lbs., and its distance 
from the fulcrum be six times that of the point from which the 
meat is hung, the latter will weigh 12 lbs. Or, to put the same 
general statement into a different form, the power multiplied by 
its distance from the centre will always 'be equal, when the lever 
is in equilibrium, to the weight multiplied by its distance from 
the centre. Thus, in the case of the steel-yard, suppose the meat 
hung at a distance of three inches from the fulcrum, the weight 
must be moved to a distance of 18 inches, in order to balance it ; 
because 3 x 12 = 18 x 2. Hence, by knowing any three of 
these terms, we may find the fourth, as in a common Rule-of- 
Three sum. For we have only to multiply the two terms 
belonging to the same side of the lever, and divide by the term 
belonging to the other side, to get the fourth term. Thus, we 
wish to know what power, applied at a distance of 15 inches 
from the fulcrum, will balance a weight of 18 lbs. at 2^ inches 
from the fulcrum. By multiplying together 2^ and 18 we have 
the product 45 ; and on dividing this by 15, we get 3 lbs., the 
number required. Or, if it hie required to know at what distance 
a weight of 80 lbs. must be placed, to balance a power of 16 lbs. 
applied at a distance of 25 inches ; by multiplying 16 and 25 we 
obtain as the product 400 ; and this, divided by 80, gives 6 
inches, the distance required. 

q2 
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288. The preceding statements apply to the state of equili- 
brium of a lever; when it is used, however, for mechanical 
purposes, it has to overcome resistance or to put a weight in 
motion ; and the power applied, therefore, must be something 
more than is exactly equivalent to the weight or resistance. In 
general, a lever is employed for the purpose of overcoming a 
greater resistance by a less, or of raising a greater weight by a 
smaller one ; and in such a case, the power must be applied at 
a greater distance from the fulcrum, than that at which the 
weight bears. But, being applied at a greater distance from 
the fulcrum, it will have to move through a proportionally large 
space, in order to raise the weight to a small amount : this will 
be at once seen by holding a stick or rod between the finger and 
thumb, in such a manner that the parts projecting on each side 
shall be unequal, and then causing it to swing upon the part 
held, as upon a centre; the two ends will describe unequal 
spaces, the length of which will be exactly proportional to their 
respective distances from the centre. Hence, if the power have 
to move through a space as much greater than that through 
which the weight is raised, as its own distance from the centre 
is greater than that of the weight, it follows that the power 
multiplied by the space through which it moves, will be equal 
to the weight multiplied by the space through which it moves. 
Hence, wkctt is gained in p(noer is hst in velocity^ a principle of 
very extensive application in mechanics. In no instance can we 
apply power in such a manner, as to raise a weight many times 
as large as itself, without at the same time being obliged 
to move the power just so many times faster ; or, on the other 
hand, if we desire to produce a great velocity, by any mechanical 
contrivances, we must sacrifice power in the very same propor- 
tion. By the lever, and the other mechanical powers which are 
modifications of it, we can only exchange power for velocity^ or 
velocity for power : we cannot create either. 

289. As examples of the Jirst order of levers, the following 
may be mentioned among familiar objects. The handle of a 
pump is a lever of this nature, the fulcrum being the point on 
which it turns, — ^the water to be raised, and the friction to be 
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overcome being the resistance, — and the force expended in 
pumping being the power. Now here, the hand in pumping 
moves through a much larger space than the sucker of the 
pump ; but the power which it applies is small, in comparison to 
the resistance to be overcome. A common poker, when used 
to raise the coals, is another example of a lever of the first 
order ; the point at which it rests on the bars of the grate being 
the fulcrum, the coals the weight, and the force of the hand the 
power. All those instruments for cutting or holding, com- 
posed of two parts, which cross each other in the middle, — 
such as scissors, pincers, pliers, garden-shears, &c., are levers of 
the first order. In the elbow-joint of the human body, there is 
another example of it. Tlie muscle which straightens the elbow, 
is a thick mass of fiesh, lying on the back of the upper arm ; 
and this is attached to a portion of one of the bones of the fore- 
arm, which can be felt projecting behind the elbow-joint. 
When this bony projection is drawn upwards by the action 
of the muscle, even in a very slight degree, it causes the 
hand to move through a considerable space; for the point of 
attachment of the power is so near to the centre on which the 
fore-arm moves, as to cause this to be acting under great dis- 
advantage in regard to power, whilst velocity is gained by it. 
For suppose that the fore-arm, firom the elbow-joint to the palm 
of the hand, is 16 inches in length, whilst the projection to which 
the muscle is attached is only 4-5ths of an inch long on the 
other side, the relative lengths of the two sides or arms of the 
lever would be as 1 to 20. Hence, a contraction of the muscle 
to the amount of l-20th of an inch, would cause the hand to 
move backwards an inch ; but, in order to push down a pound 
weight with the hand, by straightening the elbow-joint, a power 
equivalent to 20 pounds must be exerted by the muscle. 

290. Of levers of the second kind, also, numerous examples 
may be found in common things. Thus, when we raise or force 
forwards a heavy stone by means of a crow-bar, of which one 
end is made to rest against the ground, whilst the other is moved 
by the hand, the implement becomes a lever of the second order. 
In carrying a weight in a wheel-barrow, again, we make use of 
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the same adyantageotts application of force ; for the axle of the 
wheel heing the fulcmin, the handles at which the power is appHed 
are ahont twice as fat as from it, the hollow part in which the 
weight is laid ; and thus the strain upon the hands is onl^ half 
the actual weight. A pair of nut-crackers is another instance 
of the same kind of lever ; for the hinge is the fulcrum, the re- 
sistance of the shell is the Wieight) and the hand applied at the 
extremity is the power. In opening a door, again, we do is 
reality employ a lever of the second order, although the weights 
is distributed along the whole space between the fulcrum and 
the power ; for, according to the principle formerly explained 
(Chap. lY.), we may regard the wmght as really concentrated 
in a point midway between the hinge and the handle ; so that tiie 
power required to move it will be only half what it would be, if 
the weight were at the point where the power is applied. The 
oar urges forwards the boat by its power as a lever of the second 
kind ; for the blade presses against the water in such a manner 
that the latter serves as its fulcrum ; the hand of the rower is 
the power ; and the boat is the resistance or weight, against which 
the oar acts where it passes through the row-lock. 

291. It has been seen that levers of the first kind may or 
may not act at a mechanical disadvantage ;" for either arm — 
that which bears the power, or that which acts on the resist* 
ance — may be the longer. The lever of the second kind, how* 
ever, must always act a mechanical advantage, — that is, the 
power required will always be less than the resistance or weight, 
— because the distance of the power from the fulcrum is always 
greater than that of the weight. There is this difference in the 
action of levers of the first and second order ; — ^that in the former, 
the motion of the power causes the weight to move in the con- 
trary direction, as when we rais6 the sucker of th6 pump by 
pressing down the handle : whilst in levers of the second order, 
the power and the weight move in the Same direction, as when 
we raise or force forwards a stone with a crow-bar. The ques- 
tion which lever we shall use, therefore, is a mere matter of 
convenience, since we can gain the same power by both. 

292. Bat in a lever of the third order, there is alwat/i a 
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diaadvootageons appliotion of the power with respect to the 
, weight, since its 




frequent in the oonetniction of animals; for the tendons which 
moTo a limb are almost always inserted near the joint, so that, 
hy a small amount of contraction on their part, a considerable 
motion is prodnced. Of this, ^^, the elbow-joInt aSbrds a 
good illnstnttion. The fieshy mass that forms the front of the 
upper arm is chiefly concerned in bending the joint ; its tendon 
is attached at a point a littie in front of the elbow, so as to con- 
stitnte the power ; whilst the hand, with anything it may con- 
tain, seta as the resistance. There will he, therefore, the same 
mochanical disadvantage in the action of this muscle, as in that 
of the mnsde already described as 
attached at the hack of the elhow- 
JMnt for the pnrpoee of atrughten- 
ing it ; and the same proportional . 
incTease in the rapidity of the / 
movement. Hence a rery powerful I 
moscle is required to raise a mo~ \ 
derate weight in the hand ; but its 
contraction need not be consider- 
able, in order to carry the hand 
throngh the whole range of its 

movement With the same ob- 

ject, the mnacle which ruses the fi».<u- 

lower jaw is attached at a point, a, very little in front of the 

joint The force which it most sometimes exert, even in man^ 
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cannot be less than three or four hundred pounds ; whilst in the' 
tiger and other large carnivorous animals it must be frequently 
as much as two thousand pounds, or even more. Other ex- 
amples of a lever of this kind are to be found in the shears used 
for shearing sheep, and in a pair of tongs. The treadle of a lathe 
is a lever of the second order, when the crank is in the miiddle of 
it, and the hinge or [fulcrum behind it, the foot being applied in 
front. But in some lathes the hinge is in front of the treadle, 
the crank at the farther end, and the foot applied to the middle ; 
and the treadle is then a lever of the third kind. 

293. The process of raising a ladder is a good illustration of 
the variation produced in the character of the lever, by an altera- 
tion in the position of the power. When it is first lifted firom 
the ground, by a force applied at one end, it is a lever of the 
second order ; since (as just explained in regard to the door) its 
centre of gravity, in which its whole weight may be regarded as- 
acting, is in the middle of its length, so that a power applied at 
its end will have an advantage of 2 to 1. But when the ladder 
has been partly elevated, the hands of the person raising it are 
made gradually to approach its foot ; when they are moved to 
the position of the centre of gravity, they are acting neither at 
an advantage nor disadvantage ; for though the top of the ladder 
will then be moving twice as fast as the hands, the bottom will 
not move at all, so that the average movement of the whole will 
be just the same as that of the hands : and when, in order to 
raise the ladder nearly to the upright position, the hands are 
made to act upon it still nearer its bottom, it becomes a lever of 
the third order, — the weight being now more distant from the 
fulcrum than the power. 

294. It is evident that, in levers of the first and second orders, 
we may gain any amount of power we please, by simply making 
the distance between the power and the fulcrum just so many 
times greater than the distance between the fulcrum and the 
weight. It was by Archimedes that this truth was first perceived ; 
and he expressed it by saying : "Give me but a place where I may 
stand, and I will move the world." The principle upon which 
this assertion was made is perfectly correct ; but he seems to 
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have omitted in his calculation one important element, — ^the time 
necessary to produce the effect. It hjis been already shown, that 
the relative amounts of movement of the power and the weight 
will be proportional to their respective distances from the ful- 
crum ; and if the arm to which the power is applied, be 
increased to such an enormous length as would be necessary to 
gain the mechanical advantage required for such a purpose, the 
time that would be occupied in moving, even to the amount of 
an inch, and with the whole force of a man, a body of the weight 
of the globe would be quite inconceivable. This may be readily 
shown by a simple calculation. Taking the diameter of the 
earth at 7,930 miles, the number of cubic feet in it may be 
calculated .to be 38,434,476,263,828,705,280,000 ; and assuming 
each cubic foot to weigh 300 lbs., we shall have for the weight 
of the earth^in pounds the number 11,530,342,879,148,611 ,584, 
000,000. Now, supposing Archimedes to act at the end of his 
lever with a force of 30 lbs., one arm of it must be 384,344,762, 
638,287,052,800,000 times longer than the other, that he may 
move this mass with it. And one arm of the lever being this 
number of times longer than the other, the end of that longer 
arm, when made to turn round its fulcrum, must move exactly 
that number of times faster, or farther, than the end of the other ; 
so that, whilst the end of the shorter arm was moving 1 inch, 
the end of the longer arm must move 384,344,762,638,287,052, 
800,000 inches ; or, on the other hand, when Archimedes had made 
the end of the lever to which he had applied his arm move this 
immense number of inches, he would only have raised up the 
earth, which was resting on the other end, to the amount of one 
inch.— Now it is estimated that a man pulling with a force of 
30 lbs., and moving the object which he pulls at the rate of 
10,000 feet an hour, can work continually for 8 or 10 hours 
a day; this is the extreme of the power which a single man can 
apply. Each day, then, Archimedes could, at the utmost, move 
his end of the lever 100,000 feet, or 1,200,000 inches; and 
hence it may thus be readily calculated, that to move it through 
384,344,762,638,287,052,800,000 inches, or to move the other 
end — ^that is, the earth— 1 inch, would require the continued 
labour of Archimedes for 8,774,994,580,737 centuries. 
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295. It is to be rememberecl, however, that in this calcola^ 
tioa the weight of the earth is estimated, by companng its size 
with that of bodies on its surface having a certain known weight* 
Now it has been explained that the weight of such bodies is 
nothing else than their downward pressure, produced by the 
attraction of the earth for them. In this sense, therefore, the 
earth itself cannot be said to have any weight. It is attracted 
towards the sun with a certain force, which, if acting alone, 
would cause it to press towards that centre, in the same manner 
as a stone presses towards the centre of the earth. But this force 
is in fact completely balanced by the centrifugal force, which 
tends to keep the earth at a dbtance from the sun. In reality, 
therefore, Archimedes would have had no difficulty in moving 
the world, could he have brought his lever to bear upon it. It 
rests upon nothing, and is suspended by nothing ; it is perfectly 
free to move in any direction. Had Archimedes a place on 
which to stand, a kick with his foot would have pushed the 
earth out of its situation ; and the lever would have been a super- 
fluous force. This, however, was evidently not the idea of 
Archimedes ; who considered the earth as fixed in some way by 
its own weight, and as capable of being moved from its place by 
a certain mechanical force, in the same way as we should move 
a heavy stone ; and the calculation in the preceding paragraph 
has been made to follow out this idea. 

296. If it were necessary to construct a lever having a very 
great mechanical power, it would be found much more conve- 
nient to employ a system of levers bearing on each other, than a 
single lever. Thus, suppose that we desired by a pressure of 
J lb. to balance 1000 lbs., we should be obliged, in a single lever, 
to make the distance of the power from the fulcrum 1000 times 
that of the weight. But the same end may be obtained by a 

P F p F W 



* 10 



6 




10 

Fio. 66. 1000 



combination of three levers^ in each of which the relative length 
of the arms is as 10 to 1. For if these levers be arranged, so as 
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to bear upon one another in the manner here represented^ the 
power of 1 lb. applied to the first will balance a weight of 10 lbs. 
at 1-1 0th the distance from the fiilcrum. But the weight-end 
of the first lever is applied under the power-end of the second, 
and will thus tend to raise it with a force of 10 lbs. As th^ 
second lever has a mechanical advantage equal to the first, a 
power of 10 Ibd. applied to raise that end will press down the 
weight-end with a force of 100 lbs. This force being applied 
over the power-end of the third lover, will tend to raise its 

weight-end with a force ^^ '^ 

of 1000 lbs. Such a com- ''^ ^ 

pound lever might be p ^ 5 



I p 



comprised within a nar- 
rower compass, by an ar- 
rangement like that here * ■ ■ ; a ' 

represented. The highest " J^ 

lever, which is of the first (jO 

order, gives a power of fw e7. wio 

10 ; the other two, which are of the second order, have each a 
power of 11, the relative distances of the power and the weight 
being as 11 to 1 ; and the combined power of the three, being 
ascertained by multiplying their respective powers together, will 
be (10 X 11 X 11) 1210. In this, as in every other similar case, 
however, what is gained in power is lost in velodty ; and the 
combination of levers has no advantage above a long single lever 
of equivalent power, except in its greater convenience. Neither, 
however, are commonly employed in the mechanical arts,— 
at least in the forms just described ; since, when great power 
is required, there are other more convenient modes of obtain- 
ing it. 

297. There is an application of the principle of the lever in a 
circumstance of common occurrence, which should not be over- 
A w B looked. Two men, A and B, carry a 

, 1 — ' ] ■ ■ 1 weight W upon a pole between them, 

Pio. 68. _ag in tiie case of a sedan chair. If 

the weight be at the same distance from each end of the 
pole, it will be equally divided between them ; but not other- 
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wise. For we may consider the pole as a lever, to which 
each man applies the power, the falcrum being at the oppo- 
site end. Thus, the power being applied by A, the end 
resting on B is the falcrum. Hence the lever is one of the 
second order ; and, as the distance of the power from the ful- 
crum is twice the distance of the weight, A will be required to 
raise his end of the lever with a force equivalent to only half the 
weight. The same may be said of B ; and thus the weight is 
equally distributed between them. But if the weight were 
nearer to B than to A, the case would be different ; for B would 
then have a larger proportion to bear. Suppose that its place 
A w B were such that the whole length of the 

I 1 i ■ 1 lever being 3, its distance from A is 2, 

Fio. 69. and from B only 1. Then the power 
of A is applied, B being the fulcrum, at a distance from it 
equal to three times that at which the weight is suspended ; 
and consequently the pressure on him is only one-third of the 
weight. On the other hand, the distance of B*s power from the 
fulcrum, at A, is to the distance of the weight from the fulcrum, 
as 3 to 2 ; and therefore B has to bear two-thirds of the weight. 
298. By a proper arrangement, a very heavy weight may be 
equally distributed amongst a considerable number of men. The 
following method is i> p 

said to have been ^jAKj, e (j^ 
used in Constanti- ^/^^^ ^ 





nople for raising and ^ 

carrying the heaviest ,e^^^ i . ^ r'WTnr 

burdens, such as can- V ^^ ^--^X^ il » U 

nons, mortars, and ' 
enormous stones; and Fio. 70. 

the rapidity with which they were thus transported from one 
place to another is stated to have been truly surprising. A B is 
a bar of sufficient strength to sustain the whole weight of the 
load P, which is attached to its middle point ; C D and E F are 
cross-bars fixed to this, near its extremities ; and to the extremi- 
ties of these cross-bars are again fixed others a\cd^ «/, gh; 
and to these last again, in like manner, others, whose extremities 
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are borne upon the shoulders of the men who are to cany the 
load. Supposing one man's shoulder to support each extremity 
of these last- mentioned bars, the whole number, whose effort will 
be combined to lift and carry the weight, will be 16. If other 
cross-bars had been fixed in like manner to the extremities of 
tJiesBy the united effort of 32 men might have been. applied. If 
other cross-bars had been fixed yet again to the extremities of 
the last, 64 men might have united their strength to the task ; and 
so on for any number. If the bar A B, which supports the 
weight, carry it suspended accurately from its middle point ; and 
if the point where each cross-bar is fixed to the one preceding it 
in the series, be exactly half-way between the points where tho 
next two are affixed to tV, — ^then the weight will be equally 
distributed between all the bearers. A small inaccuracy in this 
respect will produce great inequality in the amount of the pres- 
sure on the several bearers. The principal inconvenience of the 
method is the weight of the apparatus itself, which will be 
increased by that of the additional cross pieces, whenever an 
increase of power is to be thus gained. 

299. Hitherto, we have supposed that the power and the 
weight press directly upon the arms of the lever, or hang 
in perpendicular lines a c b 

from it, as they would «;:7;; 1 ■ ; 

do if left to them- j '""•*-., / i 



*•<., 
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selves. But it may 
happen that one or 
both of them may 
have a different direc- 
tion. Thus, suppose 
that, in order to raise 
the weight W, by the lever A B, of which C is tho fulcrum, 
we apply our power, not in the downward line A D, but in the 
direction A E. It is obvious that power thus applied will not 
act so advantageously as if it pulled in the downward direction 
A D ; and that more must be thus applied, in order to do the 
same work. It is also evident that the loss will be greater, in 
proportion as the line A E departs from the perpendicular, and 
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approaches A B ; in whieh last direction, no force whatever 
would have the effect of pulling down the end A. The real operat- 
ing power is ascertained by drawing a line from the falcrum C, 
perpendicular to A E ; and the length of the h'ne C F is that at 
which the power is really acting. 

300. The same principle applies to the operation of the bent 
lever, in which the power and the weight may be both acting 

perpendicularly to the 
earth's surface, bat not 
perpendicularly to the 
arms of the lever. Thus, 
in the bent lever A C B, 
of which C is the fal- 
crum, the lengths of 
the arms A C and C B 
do not represent the real 
working length of the lever ; for weights inversely proportional 
to those lengths would not balance each other. The real action 

of such a lever is ascertained 

p 

by drawing the horizontal line .^ 

D E through the fulcrum, and 
drawing A D and B E per- 
pendicular to this. The lines 
D C and^C E, then, represent 
the real proportions between 
the acting lengths of the arms 
A C and B, in this position 
of the lever. But it is a pe- 
culiarity of the bent lever, that 
its power is very different in 
different positions ; for if the 
same lever be placed in the 
position represented in Fig. 
73, the acting length of the arm A B is now even less than 
that of B C, — that is, with regard to any forces (such as sus- 
pended weights) which may be pulling in the directions A D 
and C E. If the forces act perpendicularly to the arms of the 
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lerer, — as, for instance, when the um A B is mored by the hand 
pressing in the direction A F, the action of the bent lever is the 
same as that of the straight one, 

301. Various modifications of the hent-lever principle are 
employed in machinery ; among the moat interesting are those 
which are intro- 
duced into the Tft- 

riona forms of the 
Printing - Press. 
The advantage 
they confer is 
prindpally this ; 
— that the lever 
is much more 
powerful in its 
action in one po- 
sition than in an- 
other ; and that, 

when least pow- '"'■ ''*■ 

erful, the moUon of the weight more nearly approaches that of 
the power in rapidity. Now this is precisely what is required 
in a machine that shall apply and take off a great pressure 
quickly ; nnce, when the pressure is first being applied, tbe 
resistance is small, less power is required, and the press-board 
may he advantageously caused to move iast ; but, in proportion 
to tbe amount of pressure that has been made, will be the reust- 
ance to any additional pressure, and greater power will then ha 
needed. 

302, In the ^anhope Press (as it ia termed a^er Lord Stan- 
hope, its inventor) tbe press-hoard or platten is forced downwards 
by a powerful screw, which bears on its upper sur&oe. So long 
as this screw is moved with an equal force and rapidity, its pres- 
sure will be equal ; but, by the combination of levers that moves 
it, the screw is made to revolve more rapidly and with less fores 
doling the first part of tbs pull, but very slowly and with 
greatly increased force during tbe last part of it. A short lever 




Fio. 7fi. 



240 COMBINATION OF LBYERS IN THE PRINTIN6-FBESS. 

S A is fixed into the screw, and this is tamed round bj the con- 
necting rod A B. This rod is united 
to the end B of the bent lever BCD, 
of which C is the centre. The 
power — ^the hand of the pressman 
— is applied at D in a directioD 
always perpendicular to the arm 
C D. When the puU is commenc- 
ing, the connecting, rod AB is nearly 
perpendicular to the short arm B C ;. 
and therefore the acting length of 
that arm is just what it appears to 
be. On the other hand, the lever 
S A has a position, at the com- 
mencement of the pull, very oblique with reference to the line 
A B, the direction in which the power is operating on it ; and 
therefore its acting length is expressed by the line S F drawn 
perpendicularly to the direction of the force. This line repre- 
sents the long arm of a lever of the second order, of which the 
fulcrum is the centre of the screw, the weight or resistance being 
applied at its circumference, whose distance S H from the centre 
is therefore the short arm. Of course, the more prolonged the 
long arm, the greater force will be exerted by the same power 
in turning the screw ; whilst the shorter the arm, the greater 
will be the amount of motion given to the screw by the same 
motion of the power. 

303. Now on looking at the situation of the levers at the 
conclusion of the pull, we shall see a great change in their 
efficiency. The bent lever is now thrown into a position in 
which the acting length of its weight-end C B is much diminished, 
in consequence of the oblique direction in which its force is 
applied ; for instead of being B C it is really no more than C G, 
the line perpendicular to the direction of the force. By this 
shortening of the weight-end^ the power of this lever is greatly 
increased ; and it is obvious that, by turning the arm C D a little 
further round, B A and B C will be brought still more nearly 
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into the same direction, thus diminishing the distance C G to 
an extremely small amount, and [increasing the power to an 
enormous extent. ^ On the other hand, the change of the position 
of the arm S A has increased its acting length to that of the per- 
pendicular SF ; hut this, too, gives an increase of power, since 
S A is the power-arm of the lever. By the combined increase 
in the power of these two levers, which takes place gradually 
•during the pull, the pressure which the same force applied at D 
would exert is immensely increased ; so that, by a proper ad- 
justment, it may be rendered several hundred times greater at 
the end than it was at the beginning, the motion of the platten 
being diminished in the same proportion. 

304. Even an ordinary straight lever may be made to act 
upon this principle, so as to gain much greater power in one 
position than it has at another. Thus let A C be a lever of the 

j^ second order, of which C 

is the fulcrum, and W a 
weight suspended from 
the point B. In the hori- 
zontal position of the 
lever, the arm A C is 4 
times the length of the 
arm B C ; and a power 
ofl, applied perpendicu- 
larly to the surface of 
the lever, will therefore 
4 A balance a weight of 4. 
But if the lever be raised 
into the position DEC, 
and the same power be 
applied at D, perpen- 
dicularly to the surface of the lever, whilst the weight hangs 
freely suspended from E, it would be able to sustain a much 
greater weight; for, whilst the acting length of the power-arm 
remains the same, that of the weight-arm has been dim inished 
from AC to CF, which last is only l-9th of AC, so that the 
power of the lever is increased from 4 to 9. 




Fig. 76. 
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305. This principle is Applied in anotb«p printing-press, wbicb 
is known as the Columbian. The platten is not here forced 
down by a screw, but by a very strong lever ABC, of which A 

is the fulcrum, B the point of 
resistance, and C the point at 
which the power is applied. 
The end C is connected by the 
rod CE with the lever D F, the 
fulcrum of which is at D. Mo- 
tion is given to this lever by 
means of the odtinecting-rod FG, 
which unites the end F with the 
end G of the bent lever GHI, 
whose fulcrum is at H. Now it 
is obvious that a power applied 
in the direction IK, will tend to draw the connecting-rod GF 
towards G, with a force continually increasing, and a rapidity 
propoi^ionally diminishing, just as in the Stanhope press. But 
as the end F of the lever DE F is moved towards G, it gradually 
comes to form a right angle with G F ; so that the power of the 
latter is applied to it in the most advantageous manner. On the 
other hand, by the same movement, the lever D E F and the 
connecting rod C E are brought more nearly into a line ; so that 
the distance D 0, which is the acting weight-arm of the lever, 
is gradually diminished, and reduced almost to nothing. In this 
manner, during the pull, the power of the lever DF is enormously 
increased by its change of position ; whilst its rate of action on 
the rod CE is proportionally diminished. A farther power is 
gained by the leverage of ABC, which is a lever of the second 
order, having a proportion of about 3 to 1 between the distances 
of the power and of the weight from the fulcrum. By the com- 
bined action of all these levers, any power that may be required 
is easily obtained ; and, as in the former case, the levers may be 
so arranged as to give this power only when it is most required, 
—at the end of the pull ; and to move the platten with much 
greater quickne;ss at its commencement,^ when power is not 
required, but time is valuable* 
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306. The action of the Cranky which is used to convert a 
stnught motion into a circular one, or a circular movemmit into 
a straight one, is dependent on the Bame principle. Any one 
may watch its operation in a common lathe, the wheel of the 
itinerant knife-grinder, or the steam-engine ; hut a simple inspec- 
tion of this kind will not lead to the full comprehension of its 
action, which it is desirable here to explain. The crank is nothing 

else than a lever A B fized upon an 
axle or shaft at A, and moved by the 
connecting-rod B 0. In this position, 
the power of the connecting-rod B G 
is applied almost as advantageously as 
possible ; since it acts in a line nearly 
perpendicular to AB. Suppose the 
rod to be drawn upwards, however^ 
until it has brought the crank into the 
position A h, in which it is in a straight 
line with h <?, — ^it is evident that the 
latter then has no power of giving it 
any farther movement, but that any 
B further pull in the upward direction 
will only exert a direct strain upon 
the axle A; and it is also evident 
that, whilst the end B of the crank 
has been moving to 5, the power has 
Fio. 78. been gradually acting on it more and 

more disadvantageously, until it is altogether lost. But if the 
crank be made to turn a little further, so as to be no longer 
in the same line with the connecting-rod, and the latter then 
descend with a certain force, that force will act upon the crank 
more and more advantageously, until it brings it again into the 
moit advantageous position A B^ Having passed this, the con- 
tinued downward motion of the rod will cause the crank to turn 
until it reaches the position A h\ when the two are again acting 
in the same straight line, so that no pull exercised by the rod in 
either an upward or downward direction can turn the crank 
further. But if it be moved ever so little out of the straight 

b2 
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Jiine, and the connecting-rod be again moTed up^Tards, it will 
apply a continually-increasing power to the crank, until it brings 
it back to the position A B. 

307. Hence we see that, supposing the connecting-rod to be 
moved alternately upwards and downwards, as it is by the beam 
of a steam-engine, its action upon the crank is continually Yary- 
ing ; and that there are two points in the revolution of the cranky 
at which no power that the connecting-rod can exert, will con- 
.tinue its circular movement. It is necessary, therefore, that 
some means should be adopted for equalizing the application of 
the power ; and for giving to the crank an independent move- 
ment, which shall carry it on through those parts of its rotation, 
at which the power cannot act directly upon it. This is accom- 
plished by a very simple contrivance. The axle turned by the 
crank carries a large and heavy fly-wheel, which, when it is 
once set in motion, will continue its revolution for some little 
.time without any additional power. The inertia of this fly- 
wheel of course requires, in the flrst instance, a certain expendi- 
ture of power for putting it in rotation ; but, when this is once 
accomplished, the same inertia keeps up its movement (§.143). 
As its momentum, in consequence of its weight and velocity, is 
very great, it is able to^keep up the action of the machinery 
during the time when the crank is in its most disadvantageous 
positions ; and it also equalizes the application of the power,— 
storing it up (as it were) when in greatest abundance, and im- 
parting it when needed. By this action, therefore, the axle is 
made to carry the crank out of the positions A h and A h\ into 
those in which the power can act upon it. In the common lathe 
and grinder s wheel, the action of the fly-wheel is even more 
important ; for here the power produced by the pressure of the 
foot is applied only in the downward direction, or whilst the 
crank is moving through the semicircle bB' V; and the rotation 
is continued by the momentum of the wheel alone, whilst the 
crank is ascending through the semicircle ft' B ft. In the steam- 
engine used to propel vessels, the weight of a fly-wheel renders 
it inadmissible ; and though the paddle-wheel serves, to a certain 
degree, the same purpose, it cannot produce an equable motion. 
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A single engine, ihererore, ia rarely used for this purpose ; bat 
two are employed, of wLich the cranks are so fixed to the same 
axle, that, whilst one is acting most disadTantageoosly, the other 
shall be acting to tlie greatest advantage. The same plan is 
adopted in the locomotive engines used on railways. 

308. The crank is employed, however, not merely to convert 
straight motion into a rotatory one, but also to convert arotatory 
movement into a straight one ; and it is here, also, of advantage 
to apply the power to several cranks fixed in different directions, 
rather tiian to one only, or to any number fixed in the same 
direction. For in the latter case, the power with which the axle 
b being turned would only come into advantageous operation at 
two parts of its revolution, those in wliich the crank might be in 
the poutions A B and A B' (Fig. 78) ; but if the cranks be 
numerous, and be so arranged that some of them are in these 
portions, whilst others are in the positions A b and A b', the 
power with which they are turned by the axle, vrill be much 
more equably applied. In the accompanying figure of a rice- 
mill, a a a a are four sieves, 
in which Uie rice is placed, 
1 for the purpose of having the 
j husks beaten off, by pestles 
which move up and down 
within them. These pestles 
are at the lower end of the 
rods e e c e, which are fixed 
within a framework that 
slides up and down between 
the guides bbb b. They are 
set in motion by the cranks 
Fio.79- d d d d, which are so ar- 

ranged, that whilst one is at its highest point, another is at its 
lowest ; and, of the two others, one is in the middle of its ascent, 
and the other at the same part of its descent, ' 



309. The use of the balance, in its various formfl of scales, 
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sieel-yard, weighing-engine, &o., is entirely dependent n|>on the 
principles of leyer-action. We employ it to determine the weight 
of a substance, by balancing it against another whose weight we 
know. The ordinary balance, or pair of scales, is a lever of the 
first order, with the fulcrum (which is the point of suspension) 
in the centre^ and the two arms exactly equal. From the 
extremities of these arms, the scales are freely su^nded, so that 
a weight placed in either of them hangs perpendicularly from 
the point at which it acts on the lever, when the latter is in a 
horisBontal position. This, as we have seen, is essential to the 
correct action of the lever ; since, if one of the scales were drawn 
inwards, the acting length of its arm would be diminished, 
because tike force is applied in a less advantageous mode (§.299); 
and the same would occur, if the scale were drawn outwards. 
The weight of the balance itself must be so adjusted, that its 
centre of gravity shaH be at a greater or less distance below 
the fulcrum, for the beam will then have a tendency tohang at 
rest in the horizontal position. ■ If the centre of ^^vity were at 
the fulcrum, the balance would bang at rest in any position. 
And if it were above the * ^ 

point of support, the 
beam might be brought 
to rest in a position^ 
exactly horizontal; but 
it would be upset by the 
slightest disturbance, and 
would have no tendency ^1 
to return to it again | 
(§.116). In a properly .-K^ 
constructed balance, the ^ '*•-'' 
centra of gravity, G, fio.so. 

being below the fulcrum, will oscillate to one side like a penda- 
Inm, when one end of the lever is pressed down by a force 
suddenly applied to it. 

310. Now, such a displacement of the beam does not occa- 
sion any alteration in its leverage, so far as the scales are 
concerned ; for the loss of power occasioned by the different 
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direction of its application is tbe same for both. Tliis will be 
readily seen from the subjoined figure. Let the beam A B be 
thrown into the position a b ; then, according to the principle 
formerly stated (§.SS09), the real acting length of the arm A C 
will be expressed by the Hne a c ; and that of B G by the line 
h e. But it is easily shown that, in any position of the balance, 
« c will be .always exactly eqnal iohe* The tendency of the 
balance to regain its eqailibrinm, when this has been disturbed, 
is due, therefore, to the displacement of its centre of gravity, 
which has been thrown from the position G, in which it hung 
perpendicularly below the point of support, to the inclined 
position ^. The more it is displaced, the greater is its tendency 
to return to the perpendicular ; and at last, therefore, this ten- 
dency is strong enough to resist the force which set the beam ii^ 
motion, so that ^ begins to move back to G, and the beam 
returns to the horizontal position. But, just as the pendulum, 
when drawn out of the perpendicular, and then let go, has a 
tendency to swing as far on the other side,, through the force it 
has acquired in its descent, so has the centre of gravity^ a 
tendency to pass G, and to move to the same distance on the 
other side ; thus occasioning the beam to become inclined in the 
opposite direction. Like tbe pendulum, it will again return, 
when the force which carried^ onwards has been destroyed ; and 
^ will again return to G, pass it, and swing to the other side. 
The balance will thus perform a series of oscillations, which, like 
those of the pendulum, would continue for an ^indefinite period, 
were it not for the effects of friction and resistance of the air, 
which cause each oscillation to become less than the preceding, 
and at last bring the beam to rest in the horizontal position, 
«o that G shall be in the line drawn perpendicularly downwards 
from C. / 

311. If the foregoing explanation have been rightly under- 
stood, there will be no difficulty in comprehending the action of 
the balance when used for weighing. Let us suppose, in the 
£rst instance, that equal weights are put into the two scales ; 
it is obyious that there will be no disturbance in the equilibrium 
of the balance, since the product of each weight by the length 
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of its arm will be the same* And further, if the bsJance be set 
in motion, the oscillation will continue as before, until the centre 
of gravity regains that position in which alone the whole ' 
machine can remain at rest. But if a small additional weight 
be placed in one of the scales, so that W (the weight in one 
scale) is made greater than to (the weight in the other), then 
the balance will not come to rest j^in the^horizontal position, but 
in one inclined to it* For the difference of W and to will 
obviouslj be a force tending to draw down the arm A C (Fig. 80) 
into an inclined position a C, in which it will act with a leverage 
represented by a c. This force is resisted by that which is pro- 
duced by the displacement of the centre of gravity from G to ^; 
and this tends to restore the beam to its level, with a lever power 
also represented by the distance to the perpendicular, g d. Now 
as a C is more and more pressed down, it is obvious that the 
acting length a e of its arm will be more and more diminished ; 
and at the same time, g d will be increased ; so that there will be 
a position in, which the difference of W and fc multiplied by ae^ 
shall become equal to O multiplied by g d. This position will 
be that in which the balance will come to a state of rest. We 
know, by the depression of the arm A C, that the weight W is 
greater than w ; and accordingly we add to to, or take away 
from W, until we find that they are equal, by the beam being 
brought to an equilibrium in the position A B. It is obvious 
that, the smaller the difference between W and to, the less inclined 
will be the position of the beam ; since the required alteration 
in the place of G will also be less. But, on the other hand, the 
difference of W and to may be so great, that it cannot be coun- 
terbalanced by any alteration in the place of G ; and the beam 
will then be turned into the perpendicular direction, if so 
permitted. 

312. It is obvious that the correctness of a balance will depend 
npon the equality in the length of its arms ; for, if these be of 
unequal length, equal weights in the two scales will not be in 
equilibrium ; and, in order to bring the balance into equilibrium, 
the longer arm must have a less weight. Hence, as such a 
balance appears to indicate that the bodies in the two scales ara 
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of equal weights, when they are really not so, it is z,faUe balance. 
It may be made to hang in equilibrium when empty ; for, by 
making the shorter arm, with its scale, rather heavier than that 
of the opposite side, the weight of each multiplied by its length, 
will give the same product. But, if weights known to be equal 
are placed in the opposite scales, the deception is at once shown 
by the preponderance of the longer arm. If the unfairness of a 
balance be suspected, it is very easily put to the test ; for we 
liaye only to change the weights, and the bodies weighed, from 
one scale to the other, and the deception will be manifested by 
the want of equilibrium which will then show itself. For it is 
eyident that, in an accurate balance, we may do this without 
any alteration in the equilibrium ; since equal weights, being 
multiplied by equal lengths of arm, will always give the same 
product. But we will suppose that we have to do with a balance 
of which the two arms A and B have a proportional length of 
8 and 7 : snch a balance cannot be brought to an equilibrium 
unless the weight in A be to that in B as 7 to 8, since 
8x7 = 7x8; but supposing the weights changed to the oppo- 
site scales, we shall have on the side of A, 8 x 8 = 64, whilst on 
the side of B we shall have 7 X 7 = 49. 

313. It would be possible, however, to weigh truly, even 
with a balance so false as this ; and we may do this in either of 
two modes. If we place the body in either scale, and ascertain 
the weight necessary to balance it in the other, — and then repeat 
the same process on the other side, — by multiplying together th& 
two false weights thus obtained, and taking the square root of 
the product, we shall obtain the true weight. Thus, suppose that 
a body weighs 14 ounces in one scale, and 16 ounces* in the other ; 
the product of 14 and 16 is 224, the square root of which is 14y, 
the true weight of the body in ounces. A simpler mode, how- 
ever, is the following. Let the body to be weighed be placed in 
either scale of the balance ; and any heavy but minutely- divided 
substance (leaden filings for example) be deposited in the other, 
until the body is precisely counterbalanced. Now if the article 
to be Weighed be removed from the scale-pan, and weights be 
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put in its place, imtil the equilibrium is agaia restored, tbe 
weight thus substituted will exactly represent that of the body, 
since it balances precisely- the same load on the opposite side of 
the beam. This mode, which is known as Borda's method of 
double weighing, is the most accurate that can be devised for 
any purpose, even if we have reason to believe the balance to be 
correct, since it is altogether independent of any errors arising 
from its construction. 

314. By the sendbilUt^ of a balance b understood the readi* 
ness with which it will be turned by a vexy small weight ; and, 
consequently, the amount to which it wiU be pressed down by 
this before its eqniKbrium is attained. This is chiefly deter- 
mined by the position of its centre of gravity ; for it is evident 
that, the further the point G is below C (Fig. 80), the greater 
will be the space y d through which it is moved by any given 
alteration in the position of the beam, and the greater will be its 
power of counterbalancing the effect of a weight {daeed .in the 
scale A. Hence, for a very delicate balance, the weight of its 
parts must be so arranged^ that the centre of gravity Cr shall be 
but a very little below C. Such a balance, however, will have 
the disadvantage of remaining a long time in a state of oscilla- 
tion, and not readily coming to an equilibrium ; since, the nearer 
O approaches to C, the less will be the tendency of the system 
to arrange itself in such a position that the beam shall be 
horizontal* For ordinary purposes, in which great nicety is not 
required, it is of advantage that the balance shall not be long in 
coming to rest; and this is effected by placing its centre of 
gravity at a sufficient distance below C. 

315. The perfection of a balance depends, however, upon 
many other circumstances, which are quite independent of the 
adjustment of its centre of gravity. Among these, the principal 
one is freedom from friction in the points at which the beam is 
suspended, and at which the scales are hung from the beam. 
In order to attain this, the fulcrum of the best balances is a 
piece of steely resembling the blade of a knife^ but thicker at the 
back,-*-teGhnically termed a knife-edge. This is fixed into the 
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beam, with its edge directed downwards, and rests upon two 
flat pieces of hardened steel or agate. The scale-pans are sus- 
pended in a similar manner 
from knife*edges placed at 
the extremities of thebeam, 
with their edges directed 
upwards. In order that no 
injury may arise from the 
constant bearing of the 
beam upon its points of 
support, it is customary for 
good balances to be pro« 
vided with a frame^ so con-i 
trivedas to lift upthebeam, 
^'O' «J' by the motion of a lever at 

the bottom of the stand. This frame has another use. It has 
been already stated that a very sensible balance is long in com* 
ing to a state of equilibrium, when loaded with weights which 
are nearly or quite equal. By observing its vibrations^ however^ 
we may form a tolerably accurate guess when the weights are 
equal; for if the oscillations are the same to each side, it is 
known that the balance, when it does settle, will take the 
horizontal direction. The amount of these oscillations is judged 
of by a long index or points, which is fixed at right angles to 
the beam (like the tongue of an ordinary balance) and points to a 
divided scale at the bottom of the stand. Now when we have 
reason to believe that the weights are nearly or quite equal, the 
process of the beam's return to equilibrium may be much short- 
ened, by moving the lever and frame already' mentioned, in such 
a manner that the beam may be brought into the horizontal 
position, though not lifted ofiP its bearing. If the weights are 
equal it will remain there, and the operation is concluded ; if 
not yet equalized, the addition of a very minute weight will 
maintain the equilibrium. 

316. The most perfect balance yet constructed, is probably 
the one which was employed for determining the weight of 
water contained in the national standard bushel. Its beam is 
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made of a piece of mahogany, about 70 inches long, 22 inches 
"wide in the middle, but tapering off towards its extremities, and 
2^ inches thick. The reason for preferring wood is that, in a 
beam of this size, it combines lightness and strength more than 
does any other material ; and also that is not liable to be suddenly 
affected in its length by a change of temperature. This last is 
a consideration of much importance ; for if, during the use of a 
delicate balance with a metal beam, a draught of cold or hot air 
were to blow unequally on the two sides of it, the length of the 
arms would be altered by the change of temperature in an 
unequal degree, and the performance of the instrument would 
be erroneous. The points of support of the beam are two planes 
of hard polished steel, on which a very strong knife-edge rests; 
and the scales are hung from similar planes also resting on knife- 
odges.^ By a very ingenious contrivance^ however, the beam 
and scale-pans may be made to rest upon round pivots, by a 
motion of the handle at the bottom. The balance is then ren- 
dered less sensible ; and an opportunity is thus given of bringing 
the weights in the scale-pans nearly to an equality, before that 
extreme sensibility is given to the balance (by bringing the 
knife-edge supports into action) which renders the adjustment 
difficult. This contrivance has the further advantage of dimi- 
nishing the wear of the knife-edges and of the planes on which 
they rest, by greatly shortening the time in which they are 
bearing on one another. 

317. As the place of the centre of gravity is influenced by 
the amount of weight in the scales, a fresh adjustment of it 
should be made, in a balance in which the greatest sensibility is 
required, for every different weight ; otherwise it will be much 
more sensible when the scales are but lightly loaded, than when 
they are heavily weighted, since in the last case the centre of 
gravity is lowered too far below the fulcrum. In the balance 
now described, this adjustment is made by means of a ball, 
which could be moved by means of a screw, nearer to the 

* It is not requisite that these edges should he sharp, as Tras formerly imagined 
to he necessary ; the sharper they are, the more liahle to injury they will obvi^ 
Qusly be. 
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fulcmm or farther from it, in the perpendicular line; so as to 
raise or lower the position of the centre of gravity. The sensi- 
bility of the balance, when thus adjusted, is extreme. When 
loaded with a weight of 250 lbs. (avoirdupois) in each 'scale, it 
was very sensibly turned by the addition of a grain on either 
side. As each pound contains 7000 grains, the weight in each 
scale was 1,750,000 grains ; and thus the balance turned with a 
weight not much greater than one tico-millionth part of that to 
be determined. 

318. The steeUyard is another form of balance, in which the 
principle is exactly the same, but the mode of appl3dng it is 
different. Its value consists in the simplicity of its con- 

2 3 * « « 7 8 struction, a single 

••^*— ^* * * * * ^" weight being a- 

dapted to deter- 
mine the weights 
of substances dif* 
fering considerably 
Fio.82. ' in amount. This 

is accomplished by making a variation in the acting length of 
the arm from which the weight is suspended ; that on which the 
body is hung remaining the same. The principle of its action is 
easily understood. Let A B be the beam of the steel-yard, and 
C its centre of support very near the extremity A, to which the 
body P is hung. The weight of the arm A C being made equal 
to that of B C, so that the lever itself shall be in equilibrium, it 
is evident that, if a weight equal to P be hung on the side 
B G at a distance equal to A C, the equilibrium will still be 
retained. But the same effect will be produced by hanging a 
weight equal to ^ P at twice the distance AC, or a weight 
equal to y P at three times the distance A C; since the 
weight multiplied by the length of its arm will thus always give 
the same product. The steel-yard being provided with a single 
weight, W, of a certain amount, the amount which this will 
balance at P will depend entirely on the distance of W from C. 
Thus, suppose the weight to be 2 lbs., if it be placed at 1 (the 
distance C 1 being equal to A C), it will balance a weight of 
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2 lbs at P. If placed at 2, which makes the distance C 2 eqwJ 
to twice A 0, it is able to balance a weight of 4 lbs. at P ; if 
placed at 3, a weight of 6 lbs ; and so on, — ^the amount it may 
thus be made to counterpoise being only limited by the length of 
the arm B C. In weighing with the steeUyard, therefore, we 
move the weight backwards and forwards, until the body at P 
is counterpoised ; and its actual weight is known by a scale 
marked on the beam. In general, steel-yards are so constructed 
as to have two different scales, one adapted to weigh smaller, 
and the other greater weights. This is accomplished merely by 
an alteration in the position of the fulcrum. In the leyer 
represented in Fig. 82, the weight W (2 lbs.) if removed to 8, its 
extreme end, will balance 16 lbs. ; but suppose that, the whole 
length of the lever remaining the same, the fulcrum were 
removed nearer A, so that the distance B C should then be 
equal to 25 times AC; the weight W placed at B would 
then support 50 lbs. at P, and would balance proportional 
weights at the intermediate points. 

819. The bent lever- 
balance is somewhat simi- 
lar in its construction to 
the sleel-yard ; for it acts 
by a fixed weight, the 
distance of which from the 
fulcrum increases or dimi* 
nishes. Its operation will 
be understood from the 
accompanpng diagram, 
when the principle of 
action of the bent lever 
is kept in mind (§.299) 
The acting length of the 
arm which carries the 
scale, is represented by 
the horizontal line drawn 
from the fulcrum to its line of suspension; and the acting length 
of the arm that carries the weight is shown by the space inter- 
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veHing 4>ii thc^ other side, between the fulcrum and the dotted 
line drawn perpendicularly through the weight. In the present 
position of the balance, these distances are equal ; and if the 
weight in the scale be equal to that fixed to the balance, the 
beam will be in equilibrium at that point. But if an additional 
weight were placed in the scale, the weight on the opposite side 
would be raised ; and the acting length of Us arm will be much 
increased, whilst that of the scale arm will be but little changed, 
or partly diminished. The position in which equilibrium will be 
obtained, under this new force, will be that in which the weight 
P in the scale, multiplied by the acting length of its arm, shall 
be equal to the constant weight W, multiplied by the variable 
length of its arm. The heavier the weight in the scale, there- 
fore, the higher must the weight be raised on the other side ; 
and by the height at which it settles itself, the weight placed 
in the scale may be known, from the divisions marked on 
the quarter-circle through which its point may move. Such 
balances are in common use at the present time as letter-weighers ; 
but though convenient, they are not very accurate. 

320. In determining very heavy weights^ such as those of 
loaded carts, a machine is employed, on the principle of the 
compound lever. The cart is made to stand on a platform, 
which rests at its four comers on four hard steel studs, which 
project upwards at C, C, 
E, E', (Fig. 84), from 
the levers D B, D' B' &c. 
The fulcrum of each of 
these levers is at the ex- 
tremity (B, B' &c.) near 
the studs ; and the two 
levers on each side are 
united, near the centre 
of the apparatus, by short 

cross pieces, which are fio.84. 

brought to an edge beneath. These levers are therefore of 
the second order ; the fulcrum being at B, the weight at 0, 
and the power (as will presently be seen) being applied at D. 
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The other lever in this compound system is F P ml^ in which 
F is the fulcrum, composed of an edge*piece of hard steel 
resting on solid supports ; through P is another edge-piece, on 
-which rest on either side the edged pieces of the levers D B, 
D' B' &c. ; and there is another at m, n, which is connected 
with a rod passing upwards. This rod is connected with a 
balance or steel-yard of any kind, having some convenient situa- 
tion* Now it is evident that, if the end m n be drawn up 
with a certain force, this force may be considered as the power 
in the lever m P F ; and it will tend to raise the cross piece %] 
on which the weight is resting, with a force as much greater, 
as the distance F P of the latter from the fulcrum is less than 
the distance F m. In like manner, the force applied to raise t /, 
becomes the power in the lever D C B ; and is as much greater 
at 0, the point on which the weight bears, as D C B is less 
than D B. 

321 . The amount of force thus gained, is estimated by multi- 
plying the power of one lever by that of the other (§.296) ;* 
and we must of course include in this estimate the power of the 
steel-yard or lever to whiqh the connecting rod from f»7Z is 
attached. Now let us suppose the arms B C and F G to equal 
1 foot, whilst the arms B D and F m are each 10 feet ; then the 
power of each of these levers will be as 10 to 1, and their com- 
bined power will be as 100 to 1. Further, if the connecting rod 
from m n be attached to the short arm of a lever on the steel- 
yard principle, so as to be at a distance of only 1 inch from the 
fulcrum, whilst the longer arm to which the weight is hung is 12 
inches, the additional power will then be as 12 to 1 ; and the 
power of the whole combmation will be as 1200 to 1, or a weight 
of 1 lb. at the end of the steel-yard lever will balance a weight of 
1200 lbs. on the platform. By a proper adjustment of the levers 
we may obtain any proportion we please between the small and 
the large weights ; thus an ounce may be made to balance an 
hundred-weight. Small portable weighing-machines, for taking 

* It is evident that, although the weight of the cart is distributed, by means of 
the platform, uponybur levers, the combined effect of these in pressing down • j 
is the same as if only cme were employed. 



WHEEL AMD AXLE. 



257 



the weight of the human body, are constructed on the same prin- 
ciple ; but the arrangement of the levers in them is usually such, 
that a pound is made to counterpoise a hundred-weight. 

Wheel and Axle. 
322. The space through which a man can raise a heavy 
weight by an ordinary straight lever is small ; because, when 
he has pressed down the end to which he applies the power 
as far as he can advantageously do, he has no means of 
raising the weight further, except by altering the position of 
the fulcrum, and supporting the weight in some other mode 
whilst he is doing so. When a continuotu motion is required, 
as when we desire to raise a stone to the top of a buildings or 
water from a well, an ordinary lever could not be made use of, 
except in a very inconvenient mode. For such purposes, how- 
ever, the wheel and axle offers every facility. This is only- 
another form of the lever, so arranged as to have the continu-- 
ous action required. We will suppose two ropes to be coiled in -. 
contrary directions, round a cylinder or drum supported on pivots, . 
and a weight hung from the end of each. If the weights be 
equal, the cylinder will have no tendency to turn on either side, 
but will remain in equilibrium, like a balance. For suppose 
adh e to represent such a cylinder cut across, C to be the 

centre on which it turns, 
and a w^h W, to be the - 
lines in which the weights 
hang. Then a C and h C;.. 
the lines drawn from those- 
points to the centre of the- 
circle, may be considered 
as representing the two 
arms of the lever ; and as 
these lines will be always 
equal, in any position of 
the cylinder, (since they 
Fio. 85. will always be radii of the 

circle), the equal weights, which hang in lines perpendicularly to 
their extremities^ will remain in equilibriu m. 
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323. But suppose thai, on the same spindle, there be two 
oylinderB, one larger than the other ; and that equal weights he 
hung firom these in the same manner as before ; — ^these weights 
will then be no longer in equilibrium, but the one that is hung 
to the larger cylinder will have a tendency to descend. The 
reason of this will be obTious on again referring to the figure. 
For let A D B E be the section of the smaller cylinder, from which 
hangs the weight W in the direction B W, opposite to the weight 
w on the larger cylinder. It is obvious that the weight w 
must have a greater power of turning the cylinder in its direc- 
tion, than the weight W possesses for its direction ; since the 
former is acting at the distance C a, whilst the latter is acting at 
the distance CB; and the same inequality will exist in any 
position of the cylinders. Such an apparatus may be regarded, 
therefore, as a lever having a continuous action, — C being the 
fulcrum, G B the weight-arm, and C a the power-arm ; and 
the mechanical advantage gained by it will be exactly pro- 
portional to the number of times that C a exceeds C B. By 
extending Ca, therefore, — ^that is, by enlarging the circle to 
which the power is applied, — we may gain any amount of advan- 
tage we desire. But here, as in the case of the simple lever, 
what is gained in power is lost in velocity; since the hand 
•applied to the large cylinder or wheel will move so many times 
more than the weight suspended from the small cylinder or axle, 
as the diameter (and therefore the circumference) of the former 
exceeds that of the latter. 

324. In the various forms of the wheel and axle, the weight 
hangs from a rope coiled round the axle ; but the power is applied 
in various modes. The wheel may have projecting-pins upon 
its surface, to which the hands may be applied, as in that em- 
ployed for steering a ship ; or it may have teeth cut upon its 
edges, into which another wheel or pinion (§. 336) may work- 
But it is not necessary for the efficiency of the machine, that the 
power should be applied to a complete wheel; since a single spoke 
of that wheel will answer the purpose just as well. This is, in 
fact, the principle of the common windlass used for raising water 
out of a well, earth i^d stones out of a pit, and various other such 
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purposes. The winch constitutes the power-arm of the lever ; 
whilst the distance between the centre of the axle and the point 
at which the cord pulls upon 
it (or in other words the ra- 
dius of the axle) is the weight- 
arm. In estimating the 
power of a windlass, there- 
fore, we divide the length of 
the winch, reckoned from the 
centre to the handle, by the 
radius of the axle; since 
weights inversely propor- 
tional to these, hung in the 
situations of the power and 
the resistance, would be in equilibrium. Thus, suppose the radius 
of the axle to be 2 inches, and the length of the winch 2 feet, the 
machine will have a power of 12 ; and a force of 1 lb. applied per* 
pendicularly to the handle will balance 12 lbs. hanging from the 
axle. Sometimes the axle has 'no fixed handle or lever, but bars 
are inserted into holes cut in it, and these are shifted as occasion 
requires ; this is the construction of the windlass, which is fixed 
in the fore part of a ship for the purpose of heaving the anchor. 
In order to gain sufficient power, the bars must be very long, 
and these can only be worked through a small part of a circle, 
without coming in the way of the deck; when they have been 
moved as far as they will go, therefore, they are shifted into a 
fresh set of holes and again drawn down. The axle is some- 
times placed in a vertical position, so that the bars may go 
round horizontally. This is the case with the capstan, which is 
usually placed near the middle of a ship's deck, and is used for 
drawing up goods from the hold, &o., being turned by men who 
walk round and round upon the deck, pressiDg^the bars before 
them. 

325. Although we may regard the power of the wheel and 
axle as capable of being increased, like that of the lever, to any 
extent, yet the same objections apply in practice to the carrying 
of this increase beyond a limited amount. If the radius of the 
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nxle be diminished beyond a certain size, it will become too 
weak to bear the weight ; and the radius of the wheel or winch 
cannot be increased beyond moderate dimensions, without incon- 
veniences so great as altogether to prevent its employment. 
Hence, in order to gain a yery large amount of power, it is 
necessary to make some alteration in the construction of the 
apparatus. We might, for instance, combine two of these 
machines together, upon the principle of the compound lever, — 
the cord passing from the axle of the first over the wheel of the 
second, and the resistance overcome by the first thus serving as the 
power to the second. Or we may apply some other mechanical 
power, such as a pinion (§. 337)9 or endless screw (§. 374), to 
turn the wheel. But the same end may also be answered by a 
very simple modification in the form of the axle, and in the 
mode in which the weight is suspended from it. ^e axle 
instead of having the same dia- 
meter along its whole length, is 
smaller at one part than at another, 
80 as really to consist of two cylin- 
ders of unequal sizes. The weight 
is suspended to a pulley, which 
plays on a cord that is coiled round 
both axles in contrary directions. 
When the winch is turned in such 
a manner as to wind the rope upon 
the larger part of the axle, it will 
be unwound from the smaller, btit 
not to the same quantity ; so that 
the rope will be shortened by the amount of the difference 
between the quantities coiled on the larger cylinder and of the 
tmaller one. This shortening will raise the pulley and weight 
through haK its amount, since it is divided between the two 
cords on which the pulley bears. 

326. Now it is evident that, if the axle were of the same 
size throughout, and the two ends of the rope were coiled round 
it in contrary directions, — the pressure of the weight, being 
equally divided between the two strings, and acting in each case 
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at the same distance from the centre of the axle, will not give ta 
this any tendency to turn round in either direction ; and further, 
that, if the axle were turned round by the winch, the weight 
would not be moved, since it would uncoil at one part as fast 
as it would be coiled up at the other. On the other hand, sup- 
pose the diameter of the larger part of the axle to be twice that 
of the other ; the force which the weight exerts upon that part, 
by means of the string coiled round it, will be twice as great as 
that exerted upon the other by its string in the opposite direc* 
tion ; and the difference of the two forces will be the real amount 
to be overcome by the power applied to the handle. The more 
nearly the two parts of the axle approach each other in size, the 
more nearly will the effect of the one string upon the smaller 
axle counterbalance that of the other string upon the larger one ; 
and as this difference is all that the force applied has to overcome, 
the mechanical advantage gained is very great, and may be 
increased to any amount, merely by diminishing the difference in. 
diameter between the small and the large parts of the axle. 
This difference is in fact the real working diameter of the axle ; 
and the power of the machine is estimated, as before, by ascer- 
taining how often this diameter is contained in that of the wheel, 
or of the circle which the winch describes* But as the weight is 
hung on a movable pulley, in such a manner that it bears equally 
on both strings, and as only one string is concerned in raising it, 
an additional power is gained, equal to double that just men- 
tioned (§.343). But, for the reasons already mentioned, every in- ' 
crease of power is accompanied by a corresponding decrease in the 
velocity of the weight, when it is compared with that of the power. 
We have thus seen that the principle of this machine, — which 
is usually termed the Chinese wheel and axle, — is that of making 
the weight or resistance partly counterbalance itself, so that the - 
power may act only against the remainder or unbalanced portion. 
This principle is introduced into some other machines,] with* 
equal success (§. 351 and §. 376). 

327. The applications of the principle of the wheel and axle . 
in the construction of various machines are very numerous. 
Besides those already mentioned (§. 324), which are only ; 
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-nrieties in the form of tbe Nmple''irheel sad aHe, we ma^ 
notice the different kinds of water-wheelB wbidi are employed u 
noTing powen. In these, the weight of water, or the impnlae 
from a stream, being applied to the circnrnferenoe of the wheel, 
exertfl a power, which) when commnnicated to the axle, is 
multiplied in [ooportion as the diameter or radius of the wheel 
exceeds that of the axle. Where there is a small stream hariug 
a considerable bll, the kind of wheel employed is that whidi is 
termed an ottrtKot wheel ; the float-boards of 
which are so fonned, as to receive the water 
as it bile, and to ddirer it, by the turning of 
the wheel, into the stream at the bottom, 
BO that its wnght may act on the wheel 
during the whole time that it is making the 
descent. As the wheel moves round, its pu n. 

snccessire float-boards receive the successive 
qnantitiee of water which are brought by the streamlet; and 
thus the whole quantity that fklla is made to exert its power on 
the wheel. Of oonrae, the higher the fall, the largw may the 
wheel be made, and the greater will its power be. On the other 
hand, when the stream 
has little or no fall, but 
a rapid cairent, it is 
made to torn a whed 
merely by its impulse 
on the float-boards; 
which are made, not to 
hold the water, bat to 
be Btmok by it. &ich 
a wheel is termed an tm- 
derthot wheel. Where 
a stream has a rapid 
current, however, it is 
seldom that we are un- 
able, by damming it up, 
to nroduce tome fidl : 
and the water may then ^^^ ^ 
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be advantageoiuly brought, not to the top or bottom of the 
wheel, but to its ude, eo as to be received by the float-boarda, 
and to act upon them, daring ita 
descent throngh about a quarter 
of the whole circle, to the bot- 
tom. Such a ivheel, which is 
the most common of all water- : 
wheels, is termed a hreasl-whee]. p^ g^ 

328. It ie obvious that we may make the diameter of an 
Dsdershot wheel as great ae we please ; and'tbat, the greater the 
diameter, the larger will be the gain of power. But in this, as 
in all preTiouB instances, what is gained in power is lost in 
Telocity; since a given amount of movement in the water, 
which would carry a wheel of 12 feet in diameter through 
a whole revolution, will only carry a wheel of 24 feet 
through half a revolution. The most advantageous diameter of 
a breast-wheel will depend, like that of the overshot wheel, 
upon the height of the foil. It is 
obvious that the water does not act 
equally in moving the wheel, during 
the whole of its descent ; for, as the 
power produced by ita weight always 
acta in lines perpendicular to the 
earth's surface, its action at A is in 
the direction A a, and therefore the 
length of itslever^e (according to the 
principle formerly stated, §. 304), ia 
only C e. By the time that the wheel Fio. n- 

has moved round, so that the weight is at B, it will act in the 
direction B b, and therefore with the lever-power C </ s and 
when it has arrived at D, it will act with the power of the full 
radius DC. It is obvious tbat no weight of water at E will 
have any influence in turning the wheel, since ita pressure ie in 
the downward direction E F ; hat as soon as it ie acting, to the 
least degree, on one side of this, it vrill begin to exert a power 
which continually iacreases until it reaches D, after which it 
will diminish in the same proportion. 
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329. In the paddle-wheel of a steam-boat, also, the principle 
of the wheel and axle is applied ; but in a contrary mode. The 
power is here applied to the axle, in order to produce a certain 
effect at the cir- ^ 

cumference of the 
wheel ; and there is 
consequently a great 
loss of power, but a 
corresponding gain 
in velocity. If the 
wheel were fixed^ 
and made thus to 
revolve by a power 
applied to the axle, 
a rapid current would of course be produced in the water, by 
the action of the float-boards; but, in the present instance, the 
water is the fixed point ; so that, by the movement of the 
wheel, the axle and the vessel which carries it are forced 
onwards. In all the paddle-wheels of ordinary construction, 
there is a great loss of mechanical power, arising from the> 
oblique mode in wliich the float-boards act upon the water, 
during the greatest part of their movement in it. This will he 
readily understood from the subjoined figure, representing the 
acting portion of a paddle-wheel, of which C is the centre, and 
A B D E F are five of the float-boards. The direction of their 
movement is from A to F ; and A, therefore, is just entering 
the water (whose surface is represented by the line a b) whilst 
F is leaving it. By the action of these float-boards, the axle 
has to be moved onwards in the direction C c; and they ought 
to press upon the water, therefore, in the direction precisely , 
opposite, namely, a b. But none of the float-boards except D 
will do this ; for A and B will be pressing upon the water in a 
downward direction, so that a portion of their force is thus 
uselessly expended ; whilst £ and F will press upwards, and, in 
leaving the water, will carry up some of it upon their surface, 
so that its weight creates the necessity for an additional 
power to turn the wheel. Various ingenious contrivances havq 
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been devised, for causing the float-boards to dip into the water, 
and to leave it, in the perpendicular direction; so as to be 
always acting upon the water in the line a b, and to avoid the 
carrying up of the hack-water^ as it is termed, upon the floats that 
are leaving the water. But notwithstanding the^great advan- 
tage thus gained, it is found that the complexity of the 
machinery required, and the risk of its getting out of order, 
more than counterbalance this ; and it is not probable that any 
substitute for the ordinary paddle-wheel will ever be introduced. 
330. We have now to speak of those machines, in which the 
principle of a succession of wheels and axles, acting alternately 
on one another, is introduced. It has been shown (§. 325) that 
this principle is exactly the same as that of a compound lever ; 
the resistance overcome by the first axle, becoming the power of 
the second wheel ; so that the power of the whole combination 
is found, by multiplying the power gained by the first wheel 
and axle by that gained by the second. Now, in practice, such 
combinations, or series of combinations, are extremely common, 
and they constitute, in fact, 
the principal part of mill- 
work of all kinds. The chief 
variation is in the mode of 
communicating the power 
from one revolving surface 
to another. This might of 
course be effected by a sim- 
ple cord, like that by which 
the weight ordinarily hangs 
from the axle, passing from 
it to the wheel, and coiled 
round its circumference ; so Fio. 93. 

that, by the power applied ■ 

to the first wheel, this cord might be wound round its axle, 
and motion be thus given to the wheel. But such a mode 
would be attended with this great inconvenience, — ^that, as soon ' 
as the cord is entirely wound off the wheel on to the axle, the 
action of the machine must stop. The mode which is adopted 
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in practice, therefore, is to make an endlen cord or band pass 
rather tightly over the axle and the wheel which it is to turn ; 
and it is advantageous to cross this, if the sizes of the two be 
very different, in order to give the cord or band a greater bold 
upon their surface ; as it is by the friction of this cord or band, 
that the motion of the one is communicated to the other. 
(Fig. 93.) When the band is crossed, howeyer, the motion of 
the wheel and axle will be in contrary directions. 

331. This kind of connection is used fw yariona purposes* 
Sometimes it is employed simply to communicate motion from 
one revolving spindle to another at some distance ; and if, as 
frequently happens, the second spindle be of the same size with 
the first, no mechanical advantage is either lost or gained ; but 
the moving power may be thus conveyed firom one end of a 
long room to another, or from the top to the bottom of a high 
building. If the revolving spindle be smaller, however, than the 
one which is to be thus put in motion, it is obvious, from the 
explanations already given, that power will be gained, in propor- 
tion as the diameter of the wheel moved exceeds that of the axle 
that moves it ; but in the same proportion velocity wUl be lost, 
since the axle will have to turn just as many times round to 
produce one revolution in the wheel. The contrary will neces- 
sarily be the case, when the diameter of the moving wheel exceeds 
that of the axle to be moved ; for the velocity of the latter will 
be multiplied, whilst its power is diminished. This is the 
principle of the common turning-lathe; where a large wheel, 
put in motion by a crank, is made to act upon a smsdl pulley, 
and the substance to be turned is thus whirled round with great 
Telocity : and it is much employed in mill- work, in which a 
small machine has often to be turned with great velocity, but 
with very little power, by means of a great power moving at a 
slow rate. 

332. The great advantage, then, of this mode of connecting 
the spindles in revolution, is that the motion may be communi- 
cated, by merely lengthening the band or cord, from one to 
another at almost any distance, — until, in fact, the weight of the 
band itself comes to be a serious objection ; and even this will 
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Bot interfere, if the motion is being communicated in a vertical 
direction, as from the bottom to the top of a mill. There is 
another advantage attending it, also ; which is the great sim^ 
plicity of the means by which its action may be suspended for a 
time, and again set on. This is an object which must always be 
kept in view in the construction of any machinery ; since the 
change is very frequently required. In the various machines 
employed for spinning, weaving, &c,j continual stoppages are 
required, on account of the breaking of threads or other acci- 
dents; these must be made by a momentary action, and in 
such a manner as not to interfere with the action of other 
machines turned by the same power. In mills for such purposes, 
there is commonly a large cylinder or drum, running from one 
end of each principal room to the other, and put in motion by 
the steam-engine, water-wheel, or other moving power. This 
drum carries a number of bands, that communicate motion to 
the spindles of the various machines placed along the room. 

333. Every one of these machines ought to be capable of 
being checked at once, without the motion of the drum being 
suspended or retarded for an instant. This is accomplished by a 
very simple contrivance, known under the name of the /cut and 
loose pulley. On the spindle of every machine there are two pul- 
leys, which we shall call AandB; one or other of which is always 
being carried round by the band from the main spindle. One of 
the pulleys. A, \& fixed on the spindle of the machine ; and con- 
sequently when it is turned, the spindle must be turned with it. 
The other, B, which is close to A, turns loosely on the spindle ; 
and consequently it may go on revolving with any velocity, 
without communicating its movement to that spindle. By the 
simple application of a lever, the band may be pushed from 
either pulley upon the other. When it is upon A, it will cause 
the revolution of the spindle and the action of the whole machine; 
but, if a stoppage be required, the band has merely to be pushed 
by the lever, oflF the pulley A, on to B ; and as the latter goes 
on revolving, without in the least affecting the axis on which it 
turns, the machine remains at rest, until the strap is pushed back 
to A. In some machines, it is so contrived, that this change 
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shall be produced by themselves, whenever it ia necessary ; thus 
rendering them independent of the constant attention of their 
overlooker. 

334. But it is often required that the surfaces of the wheel 
and axle should act immediately upon each other ; and this could 
not he accomplished if they were both smooth, as their friction 
would not be sufGcient to turn the machine. But if they are 
both covered with minute roughnessea, these will create sufficient 
friction, to cause the revolution of one to put the other in motion, 
provided the resistance to be overcome is not too great. This 
plan, also, is much adopted in mill-work, especially for the 
smaller parts of spinning-machines; here the requisite amount of 
roughness is given by covering the surfaces of the spindles with 
buff leather, or with wood cut across the grain. The latter 
mode has even been adopted with success for large machinery ; 
and it has the advantage of producing a motion which is 
extremely smooth and even, and is consequently accompanied 
with but little noise; but it could not he depended upon for 
overcoming any very considerable resistance. The most usual 
methodof directly transmitting motion from one wheel to another, 
larger or smaller than itself, is by means of teeth, or regularly- 
formed projections upon the surface of each, which lock into the 
intervals between the teeth on the surface of the other. In this 
manner, the action of one upon the other is insured, so long 
as the strain is not so great as to break off the tooth. 

335. In order that these teeth may act in the best manner 

upon one another, it is necessary titat 
they should have a certwn rounded 
form, which can be determined upon 
mathematical principles. The ill 
consequences of giving them a square 
form will be made evident, when their 
action upon one another is considered 
in detful. For, in the subjoined figure, 
when the tooth A comes into contact 
with B, it acts obliquely upon it ; and, as it moves, the corner 
of B slides upon the flat side of A, in snch a manner as to pro- 




TOOTHED WHEELS. 269 

duce much frictioD, and to grind away tlie side of A and the 
end of B. As they approach C D, their sides come suddenly 
into contact ; and a jerk is thus sustained ; and after they 
have passed C D, the same scraping and grinding effect is pro- 
duced, until the teeth become disengaged, whilst a new set are 

coming into action against each other. 
These effects are avoided, by giving to 
the teeth the curved forms represented 
in Fig. 95 ; these vnll allow the surfaces 
to roll on one another with very little 
friction ; and the direction of the pressure 
is always that of the line M N, which 
touches both wheels, and is therefore 
perpendicular to the radius of each ; so that the power is always 
applied at the same leverage, and consequently acts equably. 

336. The various purposes for which wheel-work is applied, 
require numerous varieties in the mode of constructing it. When 
we desire simply to communicate a given power from one wheel 
to another, the wheels must obviously be of the same size. When 
we wish to gain power at the expense of velocity, however, we 
cause a small wheel to work into a large one ; and, if we desire 
to increase the speed with a sacrifice of power, we cause a large 
wheel to turn a small one. Now, in all forms of wheel- work, it 
is necessary that the teeth should be of the same sisse in the two 
wheels ; and therefore the space which any given number will 
occupy on the circumference, will always be the same, whether 
that circumference be small or large. Hence we may estimate 
the effects of a train of wheel- work as well, by ascertaining the 
proportion between the teeth of the several turning and turned 
wheels, as by comparing their diameters ; and this is, in fact, by 
far the most convenient mode of doing so. When we wish to 
make the disproportion between the sizes of the two as great as 
possible, a very small axle with teeth raised upon it is made to 
work into a large wheel. Such an axle is termed 9, pinion ; and 
it is usually made with 6, 8, 10, or 12 teeth, which are called 
learns. Now if a pinion of 6 teeth be made to drive a wheel of 
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60 teetb, it is evident thit the pioioa nmat ton 10 timea fix 1 

revolatioii of tfae wbed ; bat th« power applied to the pinion need 

be no mwe thmn 1-lOth trf the weight to be laieed b; the wbed. 

337. A ainiplo comlHiutioa <ti thia kind is eiiq>k>fed in ■ 

—"*■'!'' irtucb ia mnch naed lor liftii^ hemTy stoaea to the tops 

of buildings. It con- 

nats of an ordinaiy 

wheel uid axle ; the 

wheel being cut into 

teeth at its edge, and 

bdng tnmed b; a 

email pinion, orbjan 

which k moTcd hj a 
winch. The winch 
thus acts on tbe pin- 
ion, or atzew, aa a 
wheel upon its axle ; 
•'"^ *■ and thus its power, 

'^len ooDTeTod to the wbed, is bcreaaed in the proportion of tit 
xadina to that of the pinion. The whed and i(a ule hare the ordi- 
nal^ pow^ of that ample machine ; and tliuB tbe whole power is 
increased bj the ivodnct of the two. Thus, suppose the winch to 
hare a radius of 18 inches and tbe pinion a radius of 1^ inch, — the 
power gained b7 its leTer-action is thas 12. But suppose that the 
[union has 8 teeth, working into a wheel having a radius of 18 
inches, with 96 teeth upon its swffwe ; then 12 reyolations of the 
|nnion oi of the winch will only turn the whed oooe. Let the axle 
of this wheel, from whidithecordhanga,baTearadiiiBof Sincbes; 
then its power viU he augmented in the fvoportion <J 9 to 1 ; 
but the amount which the ma^t will rise, will be diminished in 
the same pnqN»tion. Thus the power of the winch upon the 
toothed wheel is as 13 to 1, and the power of the latter upon 
its axle is aa 9 to 1 ; so that the combined pow^ of the whole 
is 108 to 1, or a fbtm of 1 lb. applied to the winch will austun 
n wd^t of 108 lbs, hanging torn the axle. Bat the velocit; 
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is diminislied in the same proportion ; since 12 tnms of the winch 
only move the toothed wheel round once ; and one revolution of 
this wheel only raises the weight through a height equal to l-9th 
of its circumference. We might have obtained the same result 
by multiplying the diameters of the two wheels together, and the 
diameters of the two axles together ; and then dividing the first 
product by the second. Thus, 18 x 18 =324; and 2 x H = 3. 
If we divide 324 by 3, we obtain 108, the power gained, and 
the velocity lost, by this combination. This principle of computa- 
tion is the same as that employed in the case of the compound 
lever (§. 296) ; and it is applicable, as we shall presently see, 
to a train of wheel- work to any extent. 

338. Where it is desired to obtain a iMry large amount of 
power at the sacrifice of velocity, or a very large amount of velo- 
city at a sacrifice of power, it is advantageous to employ several 
wheels and pinions, united into a train^ in such a manner that each 
wheel shall act on a pinion fixed on the same spindle with the next 
wheel, — ^and so on. In such a combination, the mechanical ad- 
vantage or loss will depend upon the situation to which the power 
is applied. If it be applied to the wheel which carriei the pinion, 
then, as in the ordinary wheel and axle, velocity will be lost, but 
power gained ; and this effect is increased by making the pinion 
work into a wheel, which shall carry another pinion, — this pinion 
to work into another wheel, — and so on. Thus, in the accompany- 
ing combination,the hand 
''**^^ « ^ ^ \ *^*® upon the circumfer- 

'^^ ence of a wheel, <?, which 

we shall suppose to have 
a diameter of 18 inches; 
as this wheel carries a 
pinion, c, whose diameter 
Fio. 97. is 6 inches, a power of 3 

is thus gained. But the pinion has 8 teeth, and turns the wheel 
^, having 24 teeth; and this wheel will therefore make 1 
revolution, whilst the wheel d and pinion c turn 3 times. But 
the wheel e carries a pinion h of one-third its diameter and 
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number of teeth, so that a further power of 3 is obtained ; and 
this pinion works into another wheel /, which carries the axle a 
of one-third of its diameter. The wheel / and its axle a have 
only one-third the Telocity of the wheel e and pinion h ; but the 
power is increased in the same proportion. We have thus a 
series of wheels and axles actitag on one another ; and to obtain 
the combined result of all, we may either compute the advan- 
tage of each separately, or we divide the product of the diameters 
of all the wheels by the product of the diameters of all the pinions 
or axles. As the number of teeth in wheels, or of leaves in 
pinions, however, must be in exact proportion to their respective 
diameters, it is convenient to employ these as the data for calcu- 
lation. Thus, in the present instance, we have seen that each 
wheel and pinion (or axle) gains a power of 3 ; and therefore, 
calculating the combined power of the whole on the same prin- 
ciple with that of the compound lever (§. 296), we find it to be 
(3x3x3=) 27* Or, following the second method, we multi- 
ply the diameter of the wheel <f (18 inches), by the number of 
teeth (24) in the wheel «, and this product by the number of 
teeth in the wheel/ (24), the product of the whole is 10,368. 
This we divide by the number of teeth (8) in the pinion <;, mul- 
tiplied by the number (8) in the pinion 5, and again by the 
diameter of the axle a (6 inches), which gives a product of 384 ; 
and the quotient b 27* as before. Where the number of teeth in 
the pinions is contained an even number of times in that of the 
wheels, the former of these plans is of course the simplest ; but 
this will be presently shown (§. 340) to be seldom the case ; and 
the latter must be therefore generally adopted. 

339. If, on the other hand, we apply the power to a wheel 
which works into a pinion, and this pinion carry round upon its 
axis another wheel, which in its turn drives a pinion, and so on, 
there will be a gain of velocity and a loss of power ; since each 
wheel will be turned so many times fetster than the preceding 
one, as the pinion carrying it had fewer teeth than the wheel 
which drives it. It is in this manner that the wheel- work of 
clocks and watches is constructed. The first wheel, 5, is turned 
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by a heavy weight, <i, or by a spring coiled up in a barrel; and this 
acts upon a pinion, c, yrhich carries another wheel, d, along with 
it. Thus any extremely slow motion of the 
weight or spring will produce a comparatively 
rapid movement of the wheel at the other end 
of the train, which acts on the pendulum or 
balance-spring ; but the power applied is di- 
minished in the same proportion. The vast 
increase of velocity is best seen in the striking 
train of the clock ; in which a series of wheels 
and pinions is made to give a rapid whirling 
motion to a small flat plate, in order that 
the resistance of the air against this may pro- 
duce a greater equality in the movement of 
the train, than would otherwise occur. It is 
also well seen in the machine used for spinning 
glass ; in which a cylinder or drum is made 
to revolve with vast rapidity, by a slow 
motion applied to a small winch. In this 
case the gain of velocity and the loss of power, 
are calculated in a mode precisely the reverse 
of that employed in the preceding instance. 

340. It is a matter of great importance, in the construction of 
machinery, to produce equal wear of all the teeth of the wheels^ 
and of all the leaves of the pinions. In order to obtain this, the 
number of leaves must not be contained an exact number of 
times in that of the teeth. For if it were, the wheel would perform 
one revolution whilst the pinion moved round a certiun number 
of times, and then would begin afresh ; so that the same leaves 
of the pinion would come against the same set of teeth of the 
wheel. Thus, suppose the pinion to have 8 leaves, which we 
shall] represent by I, II, III, IV, &c. ; then, in the 8 revolu- 
tions of the pinion which would occur whilst the wheel turns once 
round, the leaf I would have come against the 1st, 9th, 17th, 
25th, 33rd, 4l8t, 49th, and 57th^ teeth of the wheel ; and, when 
the wheel begins its next revolution, would agcdn be brought 
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Sgaiiut the first tooth. In the nme mumer Uie ieii II would 
h&Te come agtunst the 2nd, 10th, 18tb, 26th, 34th, 42nd, 50lb, 
and 68th, teeth ; and would come in contact with the ume set 
in the next rerolation of the wheel. The aaxae will <rf coarse 
occur with regard to the nmaiiunf; leaTes. Sach a syBtom will 
have the disadvantage of producing a very aneqnal wear of the 
teeth of the wheel, if the leaves of the pinion have any iiregnlari- 
tiea which occanon them to act with nneqnal fiiction. Sach 
iiregnlarities can scarcely be avoided ; bnt they are made, to act 
equally npon aU the teeth of the wheel, by the rimple expedient 
of making the number fif these one more than an even multiple 
of the number of leaves in the ]Huioa. For, suppoang that leaf I 
has acted upon the teeth 1, 9, 17, 35, &c., in the first revolution 
of the wheel, it will be brooght to teeth a, 10, 18, 24, &a., during 
the second revolutiou, to teeth 3, 11, 19, 27, &&, during the 
third ; and so on. So that, aa may ea»Iy be shown by a ample 
computation, the wheel will have revolved 65 times before leaf 
I again bears upon the the teeth 1, 9, 17. &c. ; and in this 
interval, every one of the leaves of the pinion will have been 
engaged with each of the teeth of the wheel, so that the effect of 
any irregalarities In the former will be equally distributed over 
all the latter. This additional tooth is termed by millwrights 
the Auntiitff-eoff t the term eog hfaag nsed for all large teeth. 

341. It is not K ■" " 
the wheels that wo: 
should have tho sam 
since their axes may 
to each other at an 
may even be pc 
one to the other. 1 
of direction may I 
by inclining or be' 
edges of both v 
seen in Fig. 99; 
isg the teeth of one 
(aanaoally) upon its edge, but vn-m. 
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parallel to its axis, as in Fig. 100. Such 
a wheel is termed a croton wheel ; and 
it works into an ordinary pinion, whose 
axis is at right angles to its own. The 
principle of its action is precisely the 
same as that of ordinary wheels. By 
the knowledge of these general principles, 
we may understand the operation of any 
kind of wheel* work, and compute its ad- 
vantage as to power or velocity. 

The Pulley^ 
342. The pulley may in itself be considered as a simple 
modification of the lever ; and, according to the mode in which 
it is employed, it may be considered as a lever of the first 

or of the second 
order. A single 
fixed pulley, over 
which a rope is^ 
passed, having a 
weight suspend- 
ed at one end,, 
and the power 
applied at the- 
other, affords na 
mechanical ad- 
vantage; but it- 
serves to change 
the direction is 
which the power is applied, which is often a means of applying 
power with greater facility. Thus, a man can much more easily 
raise a weight from the bottom to the top of a building, standing 
at the bottom, and by pulling downwards at a cord passing over 
a pulley at the top, than if he were at the top and had to pull 
the weight directly up to him. When a pulley is thus used, it 
may be regarded as a lever of the first order, with equal arms 
(Fig. 101, 1) : for the spindle at G is the fulcrum; the radius B C, 

T 2 
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from the end of which the weight hangs, acts as one arm, and 
the radius A C, at the end of which the power is applied, is 
the other. Now, although the wheel is continually turning, as 
the line passes over it, the distance from the centre of the points 
at which the power and the weight are applied, remains con- 
stantly the same ; and thus no direct mechanical advantage will 
he either gained or lost hy it, since two bodies, P and TV, if 
of equal weighty will remain in equilibrium when freely sus- 
pended over it* 

343. But the case is different, when the weight is hung to the 
axle of the pulley, and one end of the string is fixed, as in 
fig. 2 ; so that, when the end to which the power is applied is 
drawn up, the puUey rises, carrying the weight with it. Here 
the diameter of the wheel a 6 is a lever of the second order ; 
for the fulcrum is no longer the centre, but is at that side of the 
wheel, which rests against the fixed line. The power is applied 
at the side where the line is drawn up ; and the weight hangs 
from the centre. Thus the power is applied at a distance .from 
the fulcrum, which is double that at which the weight hangs ; 
and therefore this pulley gives a mechanical advantage of 2 to 1* 
It is to be remembered that, though, as in the former case, the 
particular points of the wheel that bear against the two cords 
(here the fulcrum at 5, and the power at a) are always being 
changed by its revolution, their distance from the centre will 
always remain the same, so that the properties of the lever aib 
not affected. By this pulley, then, a power applied in drawing 
up the line p a will raise twice the weight suspended from c. 
But whilst a power acting over the single fixed pulley will raise 
the weight through exactly the same space that it descends, the 
power which is here applied in drawing up a weight by means 
of the movable pulley, will only raise that weight through half 
the space that itself traverses. For it is obvious that, if the 
cord p bhe drawn up one foot, each of the two strings wiU be 
shortened by six inches; and the pulley will be only raised, 
therefore, to that amount. Hence we see that here, as in all 
other instances, what is gained in power is lost in velocity. The 
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case is not altered by the addition of a £xed pulley, which serves 
to change the direction of the cord, as in Fig. 101, 3, 

344. But although the wheel of the pulley may thus be 
considered as a lever, it would be vnrong to state that the power 
of this simple machine depends upon it ; for, as a matter of fact, 
the pulley is only a contrivance for getting rid as much as possi- 
ble of the obstacles which are opposed, by the rigidity or stiff- 
ness of cords, and by their friction when made to slide over 
surfaces, to the advantageous' employment of certain modes of 
arranging these in order to gain power. For if it were possible 
to conceive of a cord that should be perfectly flexible, and that 
should move without friction through a fixed ring, we should 
obtain exactly the same effect as if it passed over a fixed pulley ; 
since the direction would be changed without any gain or loss of 
mechanical power, the weight pulling on the cord with an equal 
strain throughout, and being counterbalanced by the power. 
In like manner, we may suppose a perfectly flexible cord, fixed 
at one end, to pass through a ring attached to the weight, and to 
be drawn up by a power applied to its other end ; this simple 
apparatus, if friction did not exist, would answer the same pur- 
pose as the movable pulley, in saving power, but in causing a 
loss of velocity. For it will be easily understood that, in such 
a case, the weight is equally supported upon the two strings, 
and consequently its downward pressure is equally divided 
between them. The hook to which one end of the string is 
fixed will sustain half the pressure, and the power will only 
have to raise the other half. Moreover, for the reason just 
stated, there will be a loss of velocity to the same amount ; the 
shortening of the string to which the power is applied being 
equally divided between the two, 

345. By the combination of several pulleys into a system, it 
is easy in theory to gain mechanical advantage to any amount ; 
but there are certain limits in practice, resulting from the great 
loss sustained by friction and by the want of perfect flexibility 
in the cords, which render it desirable to substitute other methods 
for gaining power, rather than multiply the number of pulleys 
beyond a certain amount. The numerous kinds of systems of 
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pulleys that have been invented at different times may be re- 
duced to two classes,— the first comprehending those with 
several ropes,*— and the second those with a single rope. 

346. In a system of the former kind, an immense power 
may be gained by a small number of pulleys ; but its use is not 
generally convenient. It is a combination of several movable 
pulleys, in such a manner that the power of each] shall serve as 
the weight to the next ; and thus, as in the compound lever, the 
eombined power of the whole is expressed by the powers of the 
single pulleys multiplied into each other. In the acyoining fig- 
ure, W represents a weight of 16 lbs. hung 
from the spindle of the pulley A; this 
weight, therefore, will draw down the two 
strings on which that pulley rests, with a 
strain of 8 lbs. on each. One of those strings 
is fixed at its end ; whilst the other is at- 
tached to the spindle of a second pulley B, 
which it will tend to pull down with a force 
of 8 lbs. In like manner it will bear with 
a force of only 4 lbs. on each of the strings 
that support B; and one of these, being 
attached to the pulley C, will communicate 
a strain of 2 pounds to each of the strings 
on which it rests. Lastly, one of these cords 
being suspended to the pulley D, will pull 
it down with a force that will be equally 
distributed upon the two cords that pass 
under it, and wiU consequently press upon 
each with a force of only 1 lb. If one of 
these cords be carried over the fixed pulley 
E (which will simply change its direction), 
a power of 1 lb. hung at P will balance the weight of J6 lbs. at 
W. But it will be readily understood that the loss of velocity 
is exactly equal to the gain of power; since, for every 16 feet 
that P moves downwards, the pulley D will be drawn up only 
8 feet, the pulley C only 4 ieet, the pulley B only 2 feet, and 
ihe pulley A only 1 foot. It is further evident that if W9 
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were to extend the system by ad<ting another pulley below A, 
the x)ower of ^the system would be doubled, and would be in^ 
creased in the same proportion for every additional pulley; thus 
for seven movable^'puUeys thus connected, it would be ascertained 
by multiplying 2 by 2 to 7 times, the product of which would 
be 128. Of course the loss of velocity would be in exactly the 
same proportion. 

347* Among the inconveniences to whi^^h such a'system is 
liable, there is one which entirely prevents it from being advan- 
tageously employed in practice. If all the pulleys were at first 
at their lowest possible point, they will be separated from each 
other, the moment that the power begins to act; for, as just 
stated, the pulley D will move upwards half as fast as the power ; 
the pulley a quarter as fast ; the pulley B only one-eighth as 
fast ; and the pulley A, from which the weight is suspended, 
•only one-sixteenth as fast. Hence the pulley D will have been 
drawn up to the top of the apparatus before the weight has 
been lifted far from the bottom. 

348. It is. on this account chiefly, that the systems commonly 
used are of the second of the two kinds just alluded to, — ^that 
having a continuous r(^. In this arrangement we are not ab\e 
to procure nearly the same amount of power from the same 
number of puUejrs ; and if the number of pulleys be greatly 
multiplied^ the friction is enormously increased. In suct^ a 
system, two, threoi or more pulleys are fixed in a frame termed 
a block ; and two of these blocks are employed, the upper one 
being fixed^ and the lower one, to which the weight is attached, 
being movable. (Fig. 103.) The cord commencing from a fixed 
point in the upper block, passes beneath one of the pulleys in the 
lower block ; it is then carried over a pulley in the upper 
block, and beneath another pulley in the lower block ; again 
<iver another pulley in the upper block, and again beneath a third 
pulley in the under block ; and if it I^e wished that the power 
should be applied by pulling dovmwards rather than upwards, 
the cord must again pass over a pulley in the upper block. It is 
evident, therefore, that by shortening the cord, the lower block 
will be drawn up so as to approach the upper one; and that the 



380 erenius of fulibtb. 

length of the cord' is the only limit to the space throngh whicli 

it can be made to move. The power of encli a combination is to 

Hbe estimated in a mode very different &om 

^'that employed in the former instance. In 

the first place, it is obvions that the pulleys 

of the npper block eerre only to change the 

direction of the cord, and ^ve no meduu- 

ical advantage. AguD, it is easy to nnder^ 

stand that the strain of the wmght is 

equally distributed on all the strings which 

"■ pas under the lower block ; and as there are 

ux of these strings, the wdght sustuned by 

each will only be one-sixth of the whole. 

Bat the power is applied to the last string ; 

and, in overcoming the pressnre vpon i^ 

raises the whole block by shortening all the 

strings. The power required to connterpcuse 

the weight will therefore be one-sixth of the 

latter; and the mechanical adyantage of 

such a sysbem is estimated by doubling the 

number of pulleys in the lower block, by 

which we ascertiun tlie number of strings on 

Fn. 103. which the pressure is distributed. 

849. It is found convement in practice to arrange the pulleys 

Mde by fdde, instead of one beneath the other; since in this 

manner we can nuse the weight much nearer to the point from 

which the blocks are suspended. Snch blocks are seen in the 

rigging of a ship. But this mode has great diaad vantages. The 

rope cannot always pass from each pulley to one directly above 

or below it ; and consequently it must then poll in a slanting 

direction, which will greatly increase the friction, and wear the 

spindles of the pulleys. Hence it follows, that when a block 

contiuns a large ntunber of pulleys, the losses occaaoned by 

friction and by the want of flexibility in the cord are altogether 

Tery considerable, and require a large additional power to ovep- 

come them ; so that the real advantage of snch a oombination 
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IS much less than we might suppose it to be from our calcu- 
lations, 

350. A very ingenious plan of diminishing the friction was 
devised by Mr. White^ who proposed to cause all the pulleys 
to turn on the same axis or spindle. This could not be ao- 
complished, however, if all the pulleys were of the same size, 
or if the cord passed over a broad drum instead of several 
pulleys ; for a little consideration will show that the amount of 
movement of the part of the cord that passes under each of the 
lower pulleys is different. The string to which the power is 

attached, in such a system as that shown in Fig. 103, passes 

through 6 feet, whilst the string that first passes from the upper 

block to the lower is shortened by only 1 foot ; and the proper^ 

tional rates of movement of the three pulleys in the lower block 

will be 2, 4, and 6. Now, in White's system, the size of each 

pulley is adapted to its rate of movement^ in such a manner that, 

when the whole system is turned round, 

the space passed through by any point on 

the circumference of each pulley shall be 

proportional to the length of cord that has 

to pass over it. Let the two blocks A 

and B be supposed to be drawn towards 

each other to the amount of 1 foot ; then 

the string C 1 will be shortened by the 

same amount, and this length of string will ^ 

pass over the pulley C 1, and also over tho^'U 

pulley 2. But there will further pass 

over the pulley C 2 the length of cord by 

which the string CI C2 is shortened, 

which is also a foot; so that there will 

pass over 2 twice the length of string 

that passes over C 1. In like manner, there 

will pass over C 3 the additional foot of 
cord by which the string C 2 C 3 is short- 
ened, making in all 3 feet ; and over C 4 
will pass 4 feet. The same applies to any 
number of strings ; the lengths which will pass over the pulley» 
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in the upper block being as 1, 3, 5, 7) &c. ; and those that will 
pass oyer those of the lower block being as 2, 4^ 6, 8, &c. If 
the sizes of these pnllcTS be made to bear these pioportions to 
each other, one torn of each will give off the precise quantity of 
cord required to cause the blocks to approach each other ; and 
by making those of each block form a solid piece turning on a 
angle spindle, an immense saving of friction is obtained. These 
pulleys are not, however, in common use. 

351. An extremely simple and ingenious application to the 
pulley, of the principle wMch has been mentioned under the 
head of the Chinese Wheel and Axle (§• 325) has been devised 
by Mr. Moore, of Bristol. Its beauty consists in permitting 

an increase of power to any extent, by the 
employment of only two pulleys. Its con* 
struction vnll be readily Duderstood from the 
accompanying diagram. A is a fixed pulley 
with two grooves, of which one is a little 
larger than the other. An endless cord 
passes over the larger groove from F to E j 
then beneath a movable pulley B; after 
which it returns over the smaller groove from 
D to Q, and hangs down, so as to become 
continuous with the first line. Now if a 
power be applied at P, so as to draw down the 
line 1, the line 2 will be raised to the same 
amount, and the circumference of the pulley 
A will move through the same space. Sup- 
posing that the line 3 were fixed at its ex- 
tremity, the pulley B would be raised by 
half the amount to which the line 2 is short.* 
ened (§. 343). But the revolution of the 
pulley A, whilst it draws up the line 2 over 
one groove, lets down the line 3 from the other. If the two 
grooves were of the same si^, therefore, the pulley B would not 
be raised ; since the line 3 would descend as much as 2 ascends. 
But, in consequence of the different size of the grooves, the line 
3 does not descend as fast as 2 ascends ; and the rise of Uie pulley 
B will therefore be equal to half the difference in the amount. 
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Bat if the larger groove have a circumference of 18 inches, and 
the smaller of 15 inches, the line 2 will be drawn np, hy one 
revolution of the pulley A, through 18 inches, whilst the line B 
will descend through 15. The movable pulley B with the weight 
attached to it will consequently be made to ascend through 1| 
inch, whilst P descends 18 inches ; and the power gained will 
be 12. 

352. The reason of this gain of power is at once seen, by 
considering that the action of the weight upon the string 3 tends 
to turn round the pulley in the direction of the arrow, nearly as 
much as the action of the string 2 tends to turn it in a contrary 
direction ; and that a small force ap(>lied to P will, therefore, 
OTeroome the diff^ence. If, as in the present instance, the dis- 
tance from C to D be 18, and frdm C to £ 15, a weight bearing 
on the string 3 would cause the pulley A to itiove in the direction 
of the arrow with a power of 15; whilst the same pressure on 
the line 2 would make it turn in the contrary direction with a 
power of 18. The difference between the two strains, therefore, 
will be the real amount of resistance to be overcome hy a power 
applied to the circumference of the larger groove of the pulley 
A ; and this will be l-6th of the stoain upon either of the strings. 
But .this strain is only half the total weight suspended to B ; 
and the power of the combination will hence be 12. It may be 
increased to any amount, by diminishing the difference between 
the two grooves. Thus, if the larger one have a diameter of 100 
parts, and the smaller one of 99, the resistance to the motion of 
the upper pulley will only be 100th part of the weight bear* 
ing on each string, or 200th of the whole weight suspended 
to B. As the cord has no £zed extremity, and as the action of 
the pulleys would be altogether destroyed if it, had the power of 
sliding over them, it is necessary to take some means of preventr 
ing this. The simplest is the emplo3anent of a chain instead of 
a cord, the links of which are laid hold of by pins projecting 
from the surface of the wheels. The author may express his 
surprise that this ingenious invention baa not come into more 
general use ; since it enables any amount of power to be obtained, 
without any corresponding eidargeaent of the apparatus, oi; 
increase of friction. 



CHAPTER XL . 



OP THE MECHANICAL POWERS (CONTINUED).— THE INCLINED 

PLANE, WEDGE, AND SCREW. 

Inclined Plans. 
353. The Inclined Plane is the most simple of all macbines ; 
being nothing eke than a hard inflexible surface, which maj 
have any degree of inclination to the horizontal plane, — ^firom 
a very gentle degree of ascent, to one so steep as to be almost 
perpendicular. When a weight is placed on such a plane, a 
twofold effect is produced ; a part of the pressure is resisted by 
the plane ; whilst the remainder tends to cause the weight to 
roll or slide down the incline, and to overcome any obstacle that 
may resist it. Let A G be a plane surface, inclined to the hori- 
zontal A B at the 
angle B AC; then 
the perpendicular 
line B C drawn 
iat the highest end 
of the plane is 
termed its eleva- 
tion. Now let W 
be any weight, 
kept at rest, (as 
we will suppose 
in the first in- 
stance) by a force 
W c acting parallel to A C. Now this weight presses upon the 
inclined plane in the perpendicular line W a; and this force we 
may resolve, by the construction of the parallelogram W bad^ 
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into the two forces W h and h a, the first acting in the direction 
of the plane surface, the second perpendicularly to it. This last 
is completely resisted by the plane ; whilst the former can only 
be resisted by some force acting in the direction W C. But 
suppose this force to be acting in some other direction, as TV « / 
to ascertain its action upon the weight, we must resolve it as 
before, into two forces, of which one, W^, shall act in the direc- 
tion of the plane, and the other gf in a line perpendicular to it. 
The former, therefore, will act against the force W h which impels 
the body down the plane ; and, if superior to it, will cause the 
body to ascend the plane ; whilst the latter, acting upwards per« 
pendicularly from the surface of the plane, will partly counter^ 
balance the downward pressure W d^ or & a. It is evident that, 
the steeper the plane, the larger is the proportion which W h 
will bear ioha; that is^ the greater vnll be the tendency of the 
body to roll down the plane, and the less will its weight be sup- 
ported by the surface* 

354. The mode in which the power of the inclined plane is 
estimated, may be deduced from a very simple mathematical 
process ; by which the whole triangle a 5 W can be shown to 
have its three angles respectively equal to those of the original 
triangle A B C, so that the sides are proportional to each other* 
(Euclid, Book VI., Prop. 8.) Hence W a is to W } as A C is 
to B C ; and Waisto^aasAOistoAB. Now W a repre- 
sents the whole pressure of the body W in the downward direc- 
tion ; and W h that portion of its pressure which causes it to 
move down the plane, which must be resisted in order to keep 
the body at rest, and which must be overcome to cause it to 
ascend. Hence, under all circumstances, the whole weight of 
the body is to its pdl down the incline, as the whole length of 
the incline A C, is to its height B C. And, again, the whole 
weight of the body is to its pressure perpendicularly to the sur- 
face of the incline, as the whole length of the incline A G is to 
the length of its base A B« 

355. This enables us to estimate very readily the amount of 
force, which, putting aside friction, &c., would serve to drag a 
load up an incline* For we have only to ascertain how maoy 




times the height of the incline vs contained in its length, and we 
shall have the proportion of the power, aetang in the dhrection of 
the incline, to the weight to be dragged up. Thus, supposing 

that the three in- 
clines represented 
in the adjoining 
figure hare the pro* 
portion of 1^, 2, 
and ^ to the per- 
^^ *^* pendieular height; 

then a power of 1 lb. acting or&t the pulley at the top, would 
balance 1^ lb. on the steepest, 2 lbs* on the middle one, and 3 lbs. 
on that least inclined ; or a weight of 12 lbs. on the first would 
require 8 lbs. acting oyer the pullejr to balance it, whilBt it would 
be balanced by 6 lbs. on the second, and by 4 Iha. on the third. 
In the construction of roads and railways, it is necessary to have 
constant regard to this principle. The proportion of ^e height 
of the inclined plane to its length is there termed its gradient; 
thus, if it be said that the gradient is 1 in 100, it is understood 
that the road rises 1 foot in height for every 100 feet of its length. 
On such a road, therefore, the additional load which the engine 
or horse will have to draw, will be the 100th part of the actual 
weight that is being moved. Thus, if a railway-train weigh 100 
^ns« and it can be moved along a dead level with a force tiiat 
would raise 1 ton through a perpendicular, that foroe must be 
dovlhUd^ to move it up an inclined plane whose gradient is 1 in 
100, and tripled to cause it to ascend one whose gradient is 
1 in 50. 

356. In the inclined plane, as in all other simple and com* 
plex machines, what is gained in power is lost in velocity. This 
is easily understood. For, in Fig. 107, the powei^ that draws 
"the weight up the least steep of the inclines, causes it to descend, 
by its own descent through the whole height of the incline, only 
one- third of the length of the plane ; and must therefore descend 
through three times the perpendicular height, in order to raise 
the weight to that height.' In the same manner, the second 
plane being twice as hmg as the perpendicular, the power which 
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descends in the direction of the latter mnst move thYongfa twice 
its length) in order to elevate the weight to the whole height of 
the plane ; whilst the power, which in the first plane only 
exceeded one-third of the weight, must here he more than one- 
half. Hence the inclined plane is a means hy which we can 
raise a certain weight to a given height, hj a power which may 
be as small as we please, but which must act for a proportionably 
longer time in order to produce the required efPect. 

857. The mode of exhibiting the action of the inclined plane^ 
which is represented in the adjoining figure, is of interest in 
reference to the dperation 
of the screw; which pow^ 
will be shown to have much 
the same relation to the in- * j.,^^ J^il P_ 

dined plane, as the wheel- 
and-axle has to the lever. 
The weight is here fixed 
in such a manner, as to be capable of bemg moved only in a ver- 
tical direction ; and instead of being drawn up the inclined plane, 
the latter is drawn unde^ it by a cord pulling in the direction of 
its base. When the force is thus applied, its proportion to the 
weight must be that which is borne by the height of the plane, 
not to its length, but to its base. 

358. It necessarily follows, from the principles which have 
been explained, that any two inclined planes will have to each 
other a proportional advantage, expressed by the length of each 
required to raise a weight to the same height. Thus, let A B 

„ and B G be two 

planes, having the 
same elevation BD; 
but the. length of 
the plane A B being 
three times B D, 
whilst B C is only 
twice B D. Then, if t wo'weights W an d to were connected by a 
eord that passed freely over a pulley atB, those two weights would 
be in equilibrium when W should be to to in the proportion of 
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3 io 2. For a weight of Slbs. at W would be balanced hj a 
weight of 1 lb. freely suspended in the perpendicular B D ; and 
this weight of 1 lb. would balance a weight of 2 lbs. on the 
plane B G* Hence these two weights, W and tp^ being iii 
equilibrium with the same weight, will balance each other* 

359. A very simple and elegant mode of expressing these 
properties of the inclined plane, is to suppose a heavy cluun, of 
equal size throughout, to be supported on an inclined plane, with-» 
out Motion, and to pass over a pulley at its top. Then a por*> 
tion of chain lying along the whole length of either plane (Fig« 
109) will be exactly coimterpoised, under all circumstances, by 
the portion hanging down in the direction of the perpendicular 
B D. For the weights of two such portions will be to each 
other as their lengths ; and it has been shown that the weights 
that will balance each other, the one pressing on the plane, the 
other hanging in the perpendicular, are to each other as the 
length of the plane to its height. And, again, if similar portions 
of chain were to lie, without friction, on the double inclined 
plane A B G« the portions A B and B C would balance each 
other, being both equivalent to the portion B D hanging in the 
perpendicular direction. 

360. The power of the inclined plane is more a£fected by 
friction, than is that of the lever, wheel-and-axle, or pulley ; 
for whilst the friction in those instruments is merely that of 
the points on which they move, the friction in the inclined plane 
is that of the weight itself over the whole surface. The amount 
of this friction will of course depend upon the nature of the 
surfaces in contact. Thus, if we were to lay a book with a 
rough-grained cover sideways upon a board covered with cloth or 
unplaned, we might raise this to a considerable inclination before 
the book would begin to slide down; thus showing that the 
refflstance occasioned by friction, is to the actual weight of the 
body, as the height of the plane at which the body be^ns to 
slide down is to its length. If the body, however, be smooth, 
and the surface of the plane also smooth, the angle at which it 
will slide down is of course greatly diminished ; and it comes to 
be extremely small when the body is made to roll, instead of 
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sliding down the incline. The difference produced by friction 
is well seen in the common locking of a carriage-wheel, in order 
to retard the motion of the vehicle down a steep hiU ; for though 
the inclination be such as to cause the carriage to run rapidly 
down the hill if its wheels are left free, the fixing of one wheel, 
or the interposition of a " shoe," produces a degree of firiction so 
great, that the carriage would remain at rest, even on a very 
steep incline, if not drawn down by the power of the horses. 
But as the descent of a body down an incline is regulated by 
precisely the same law of gravitation, as that which causes the 
ordinary descent of falling bodies, a carriage once put in motion 
downwards. by a force sufficient to overcome the friction, may 
continue, to descend, through the increased force which it acquires 
m, consequence of its increasing speed. 

361. We have hitherto considered the action of the. inclined 
plane only on the large scale in which it is introduced into the 
construction of roads, &c., and in which the base of the plane 
corresponds with the surface of the ground. But the same 
principles operate, upon a smaller scale, in a great variety of 
modes. Thus the common chisel is an inclined plane; in which, 
when it is used for cutting, the pressure of the substance that is 
being divided, on the two sides of its edge, constitutes the weight 
or resistance ; whilst the power is the force with which the chisel 
is made to go through it; and this force operates in the direction 
of the base of the plane, or the length of tiiie chisel. Some other 
cutting instruments have the same action ; but, in general, they 
may be rather compared to the wedge, the nature of whose 
power will be presently explained. 

362. The inclined plane has been very effectively applied in 
the construction of some forms of printing-press ; to supersede 
the screw and the system of levers employed in the Stanhope 
and Columbian presses (^.302 and 305). In one of these, the 
power is obtained by means of an inclined plane, which is forced 
by lever, power between a pair of rollers; one of which is fixed, 
and the other connected with the platten, so that the latter is 
forced down as the inclined plane is driven between them. By 
making the inclination less in that part which is forced in h&st, 
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greater power may be gained at the latter part of the puU; 
whilst, the inolination bcnng greater in the part of the plane first 
inserted) the qaickness with which the rollers are separated and 
the platten moved down, is greater at that part of the pnll. 
This, as already stated, is an important point to be attended to 
in the construction of the printing-press (§.301). In this press, 
the inclined plane works in a case filled with oil ; and thus the 
friction is greatly diminishod. 

The fVidge. 

363. The wedge may be regarded as consisting of two in- 
clined planed applied base to base ; and the peculiarity of its effect 
is rather due to the mode in which its power is applied, than to 
the simple mechanical advantage obtained by its oonstmction. 
The latter is very easily 9 ^ 

computed on the principles \ a « c p d / 

already stated. For, let 
A B C be a wedge, formed 
by the union of the two 
inclined planes A B and 
B C along the line of their 
bases, B D; and let this 
wedge be driven into a 
piece of timber in order to 
split it : its resistance will 
be acting in a direction 
perpendicular to the si^es 
of the wedge, at the points of contact, that is, in the lines b e, 
a/: these forces may be resolved (§.174) into the forces bd^ac, 
acting perpendicularly to the back of the wedge, and the forces 
c/ and d a, acting in contrary directions along the back. These 
last will counterbalance each other ; and the force, therefore, 
which must be applied to the wedge in the direction of its 
length, in order to counterbalance a given reostanoe at a or i, 
win be to that resistance asacistoe/, or as bdiatob «,— 
which, on the principle already mentioned (§.364), will be as 
the side C D of the triangle BCD, or half the back of the 
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wedge, is to the side B C or the side of the wedge. But as the 
resistance is applied at both the points a and b^ the force required 
to neutralize that resistance will be to the whole resistance 
itself as the whole back of the wedge is to one of its sides. 
Hence the UKNre acute the angle A C B,— or in other words, 
the sharper the wedge,~<-the shorter will be its back in propor- 
tion to its length, and the greater will be its power. 

364. But it is evident that the amount of friction agiunst the 
sides of a wedge must be enormous ; and it is, in fact, such as 
would resist a very large amount of direct pressure applied upon 
its back ; so that the real action of a wedge is very different 
from that which might have been inferred from theory. This, 
indeed, is evident frcmi the fact, that an ordinary wedge, once 
driven in, will seldom be forced out by any pressure of the sur- 
faces which it is separating, unless both it and the surfaces 
should be peculiarly smooth. Of course, however, the force 
which will (^erate to press it out will depend, not only upon 
the tendency of ^e sides to close together, but upon the form of 
the wedge itself; since it is evident that a thin wedge, which 
can be made to enter with a force bearing but a small proportion 
to the resistance to be overcome, will not be pressed out nearly 
as readily as a thick wedge, which requires a large amount of 
force to introduce it. Indeed, the pressure upon the sides ci a 
thin wedge will be such as to hold it in with con£derable firm- 
ness ; and it is on this principle that the eflEicacy of the common 
naiU^ so extensively used in connecting wood- work, entirely de* 
pends. The length of the nail will, of course, have considerable 
influence on the force with which it will be held by the wood; 
since the surface over which the pressure is exerted, will be 
increased as its length is extended. It has been found that a 
sixpenny nail driven into dry deal, at right angles to the grtun 
of the wood, required a force of 530 lbs. to extract .it, when 
driven to the depth of two inches ; but that, when it was driven 
to the depth of only one inch, a force of 187 lbs. was sufficient to 
extract it. A nmilar nail driven to the depth of one inch into 
dry oak, required for its extraction a force of 557 lbs.; and when 
driven into dry beech, a force of 667 lbs. It appears that, for 

u2 
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nails of the ordinary tapering form, the force required to extract 
them, is to that required to force them in, as 5 to 6. The 
tenacity of nails which have been long imbedded is greatly 
increased by the roughening of their surfaces through the forma- 
tion of rust, which almost always takes place to a certain 
extent, even in very dry situations; and as the nail is itself 
weakened by the same cause, it very commonly happens that 
naib, which were quite strong enough to have borne being 
extracted, soon after they were driven in, break when an attempt 
is made to remove them at a subsequent period. 

365. Another difficulty in estimating the mechanical power 
of the wedge results from the mode in which force is usually 
applied to it. This is not by eim^le prefture^ but by impact^ — 
that is, by a succession of blows upon its back, vnth a heavy 
body in motion. . This produces results which no steady pressure 
could accomplish ; thus we may with an ordinary hammer drive 
a wedge into some hard material, which would resist its entrance 
if it were pressed in with a force of many tons. The reason of 
this is, that a pressure, however great, necessarily yields at the 
moment of impact to an impinging force, however small (§. 206). 
The slightest 3delding of the sides permits the forward motion of 
the wedge to that extent, and thus a succession of blows must 
in time produce an evident result ; since the advantage gained 
by each is followed up by that of the next, provided the wedge 
have an angle sufficiently small to prevent its being pressed 
back again. 

366« The applications of the wedge, in the various mechanical 
arts, are extremely numerous. Not only are large strong wedges, 
driven in by heavy hammers, employed for riving tunber or for 
splitting stone, but all our cutting instruments with two inclined 
edges, such as knives, axes, sabres, &c., operate on the same 
principle. Wedges are often used, again, to raise immense 
weights through a small height ; and they have the great advan- 
tage over all other mechanical powers, of being applied extremely 
easily in such cases. Thus, when it is necessary to. examiue 
afid repair the keel of a ship, she is floated into a dock ; . and the 
water being pumped out of this, she is allowed to settle down 
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upon blocks placed under her keel, being at the same time 
steadied by shores, or timbers, placed rather aslant against her 
sides. It is an object to cause her to be entirely suspended upon 
these shores, in order to remove the blocks from under the keel ; 
and this is accomplished by putting wedges under the lower 
ends of the former, and causing these to be all driven in at the 
same time. Though the ship may be thus raised by only an inch 
or two, she is completely lifted off the blocks, which may be 
then removed. Another plan is adopted in some dockyards, 
which is also an application of the principle of the wedge, though 
in a mode directly contrary to this. The blocks, on which. the 
ship at first rests, are made in three pieces, the middle one of 
which has a wedge form, with the sides sufficiently inclined 
towards each other, to prevent its being 
held between the other two, when a 
considerable weight is resting upon 
them. It may be prevented from 
springing out, however, by a pin which 
is passed transversely across the three 
in the position of the dotted line ; and ^'°* ^^** 

the block will then bear the same amount of pressure as if it 
were solid. Now, after the ship has settled down, and has been 
propped up on the shores, these blocks are easily removed, one 
after the other, by simply drawing out the pin from each, and 
striking the small end of the middle or wedge-piece, with' a ham- 
mer, which will cause it to spring out^ This method has the 
great advantage, of not requiring a large number of men to be 
brought together, for the purpose of lifting the ship off the blocks ; 
for these being thus removed from under her, she is left sup- 
ported on the shores, exactly in her previous position. 

367. A successful application of wedges lias been made, in 
restoring to the perpendicular a very tall chimney, which had 
become considerably inclined in consequence of a defect in the 
foundation. In the oil-mill, too, the wedge is the principal agent. 
The seeds from which the oil is to be extracted are placed, after 
having been reduced to the state of meal by another machine, 
in horse-hair bags, which are laid between upright planes of 
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hard wood ; between these pbrnes there are large wedges, which 
are driven down by the snccessiye blows of heavy beams of wood; 
and the pressure thus produced is so great, as to compress the 
matter within the bags, into a mass almost as dense as the wood 
itself. The pressure is removed, by causing one of the beams to 
fall a few times on the small end of a wedge, placed in the con- 
trary direction. There is a very simple and useful application 
of the wedge, the operation of which closely resembles the one 
just described, though its purpose is different. It ia often desir- 
able to fix large timbers together with wooden^ rather than with 
iron, fastenings; especially in situations where the latter would 
be exposed to corrosion through dampness. With this view, a 

wedge-shaped mortice f ac, e^a'j 



<<^K:*^i^r^sj^f~r'' — ^ and b Cy e^ I/) in each of the 

timbers; these mortices are of 
the same eoze at their smaller 
extremities c c', which cor- 
respond when the timbers are 
F,o. 112. laid together. Two pieces of 

hard wood are cut out, of such 
a form as to fit into the sides of this double wedge-shaped hollow, 
leaving between them an interval, which is somewhat broader at 
the top than at the bottom ; and if a wedge, with sides very 
slightly inclined, be driven in between them, they will be pressed 
against the sides of the mortice, with a force so great, that no 
power can draw the timbers apart. This method is used in 
bolting together the timbers of the immense wooden bridges 
which have been erected in America (§*78)* 

The Screw. 
368. It is obvious that the action of the inclined plane will 
be the same, whether it is extended in a straight line or in a 
curve. Thus a certain inclination of a road will have the same 
effect upon the draught, whether that road be carried straight 
up a hill, or winds round and round it. In the same manner, 
an inclined plane coiled round a central pillar, like a spiral flight 
of stairs, would have the same mechanical advantage as if it were 



PRINCIPLE OF THE SCREW. 



295 



extended in a straight line. Such an apparatus is sometimes em- 
ployed for raising water, or finely-divided solid suhstances. For 
this purpose, it is only necessary to make a spiral incline revolve 
in a hollow cylinder fitted to its. outside ; and anything which 
is placed upon it at the bottom will be gradually raised to the 
top, in exactly the same manner as the weight is raised by a 
straight inclined plane forced under it (§. 357)* This constitutes 
one form of the Archimedes Screw, sometimes used for raising 
water ;* and it is sometimes employed in flour-mills, as a conve- 
nient mod^ of conveying com, flour, &c., from one part of the 
building to another ; ^ce the material to be carried may thus be 
caused to move along a cylinder of any length or any inclination, 
and is delivered at the top, without any manual assistance, as 
fast as it is supplied at the bottom. 

369. Such is, in fact, the principle of the Screw ; which is 
nothing else than an inclined plane coiled round a cylindrical 
axis ; and which, having thus a circular action instead of a con- 
tinued movement in a straight line, bears very much the same 
relation to the inclined plane that the wheel and axle does to the 
lever. This may be made very apparent by a simple contriv- 
ance. Let a triangular piece of paper be cut out, having the 




B 



Fig. 113. 



form of the inclined phine ABC (Fig. 113), and of any conve- 
nient dimensions,— say 18 inches long and 6 inches high ; and 
let a broad black line be drawn along the edge A C. Now, if 
this piece of paper be coiled round a ruler, beginning at its large 
end, the black edge A C will be seen to form a spiral path 



♦ See Treatise on Hydraulics. 



296 PRINOIPLB OF THB SCREW. 

aroand it^ exactly resembling the thread of a screw. This path 
will commence from the point G, and will occupy on the ruler a 
length equal to B. The number of turns which it will make, 
depends of course upon the size of the ruler ; thus, if it be two 
inches round, the paper will make nine turns upon it, — ^if three, 
six turns. The distance between two threads at any point will 
depend upon the number of turns ; for the whole inclination 
B G being constantly 6 inches, this amount, being divided by 
the number of turns, will give the space between each thread. 
If the cylinder were so large, that the whole length A B was 
required to make one turn round it, then the edge A G would 
form only one coil of the thread ; and, as the point A would 
then be exactly under G, the distance between the beginning and 
the end of the coil would be 6 inches. But if the paper take 6 
turns round the cylinder, the inclined edge or screw-thread will 
make 6 coils, and the depth of each will be only 1 inch ; or if it 
take 9 turns, the whole depth of 6 inches will be distributed 
among 9 coils ; and the space between each will only be 6-9ths 
or 2-3rds of an inch. 

370. The power of the screw is usually applied, not by 
causing the weight or resistance to move along its surface ; but 
by making it revolve within a hollow cylinder, of which the 
sides are cut with a thread the reverse of its own, so that the 
two exactly fit together. Now, it is obvious that, if this 
hollow cylinder be made to turn upon the screw (as in Fig. 
115, where it has the form that is termed a ntU), or if the 
screw be made to turn in it, the nut will be caused to move 
over the screw in the direction of its length. Supposing that 
the power is applied to the circumference of the screw itself, the 
advantage gained by it (putting friction aside), is estimated in 
precisely the same manner as in the ordinary inclined plane. 
For we may consider each turn of the thread as a short inclined 
plane, of which the length is the circumfeisehce of the cylinder, 
whilst the elevation is the distance between the two consecutive 
threads, or between the beginning and the end of each thread. 
Let it be supposed that a weight is attached to the nut, and 
that it is to be drawn upwards by the revolution of the screw, — 
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the nut being stationary ; then such a force applied to the cir- 
cumference of the screw, as to give it one turn, will raise the nut 
by the heifht of the inclinei or the distance between the threads. 
The force being applied in the direction of the circumference of 
the screw, which is that of the base of the inclined plane, it will 
have an advantage equivalent to the excess of the base over the 
height of the plane (§. 354); that is, to the number of times 
that the circumference of the screw contains the distance between 
the threads. Thus, suppose the circumference of a screw to be 
6 inches, and the distance between the threads to be ^ an inch ; 
then the former contains the latter 12 times; and a power of 
1 lb. applied to the circumference of the screw would balance a 
weight of 12 lbs. suspended from the nut. 

371. But, in practice, the power is never so applied; for a 
much greater advantage is gained by the application of a lever, 
either to the screw (as in Fig. 114), or to the nut (as in Fig. 115)-. 

The additional 
power thus gain- 
ed is calculated 
on precisely the 
same principle 
with that of the 
wheel and axle ; 
for the centre of 
the screw being 
Fio. 114. the fulcrum, the 

distance from that point to the circumference of the screw (that 
is, its radius) constitutes the short arm of the lever ; and the 
whole length of the bar is the long arm. Thus, if we apply 
to such a screw as that last mentioned a levier of 3 feet in 
length, we shall gain a lever power of about 36 to 1 ; for the 
circumference of the screw being 6 inches, its diameter will be 
about 2 inches, and its radius 1 inch ; and thus the long and 
short arms of the lever will be to each other as 36 to 1, so that a 
force of 1 lb. applied at the end of the lever, is equivalent to 
36 lbs. acting at the circumference of the screw. And as 1 lb. 
acting at the circumference of the screw is equivalent to a 
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weight of 12 lbs. bearing on its thread, flo 36 lbs. is eqoival^t to 
(36 X 12) 4^ the wnght supported by 1 lb. applied to thelevra'. 

372. The stune compntation may be made, ho'verei, in a 
shorter way ; for we may leave out tlie middle term, the size of 
the screw, which is of no consequence when we know the distance 
between ite threada, and the length of the lever which moves it. 
For if .we ascertun the space through which the power moves 
dnring one revolution of the screw, and divide this by the distance 
between the breads, we shall at once obtun the proportion 
between the resistance and the power. Thus, in the last example, 
the length of the lever being 3 feet, the oircumference of the circle, 
of which this is the radios, will be something more than 6 times 
that amount, namely, 18 feet, or 216 inobes. This being divided 
by ^ an inch, the distance between the threads, gives 432, the 
proportion of the resistance to the power, as before. The simple 
mle for ascertaining the power of a screw, therefore, is to divide 
6 times the length of the lever-arm by the distance between the 
threads of the screw ; but the result obtained by such a calcula- 
tion is greatly interfered with, by the friction of the surface of 
the 9crew-thre*d against that in which it works. So great 13 
this friction, that a screw has very seldom any tendency to torn 
backwards ; however strong might be its impulse to do so, arimng 
from the weight or resistance acting agiunst it. 

373. Still the screw affords a very simple means of gaining 
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snoh as cotton, into a small compaaa, for conTenienca of Iruin- 

pcHiation ; — or when it is desired to make an imprewion by wui 

snbttance opoD another, as in 

printing or coining. For 

those purposes in which the 

most powerfiil compression is 

required, however, the screw- 

pre8§ has been very mnch sn- 

perseded by the Hydrostatic* 

or Bramah Presi, in which the 

amonnt of fiiction is compora- 

tively small. 

374. Another mode of ap- 
plying the screw, consists in 
making itsthreadaworki^iiut 
^e teeth of a wheel, instead of 
into a nnt ; as is seen in Fig. 
116. Here the distance be- 
tween two threads of the 
acrew is equal to the distance 
between two teeth of the wheel ; and tbn (f * *~ 
screw, the wheel is advanced by on istvi >if f *' ' " 
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show experimentally the proportion between the power and the 
weight which it will orercome. The endless screw is turned by 
the winch A ; and at the opposite extremity of its spindle is a 
pulley B, haying a radius equal to that of the winch. The 
screw works into the wheel D, having 48 teeth, and from 
the circumference of this hangs a weight G. Now it is 
obvious that 48 turns of the winch A will be required to give 
one revolution to the wheel D, — that is, to raise the weight G 
through a space equal to its circumference. Let it be sup- 
posed that the space described by the handle A in one revolution 
is equal to the whole of that through which the weight ascends ; 
— ^then by one turn, it will raise the weight through l-48th part 
of the space ; and, if the radius of the pulley B be equal to that 
of the winch A, a weight of 1 lb. hung at C will balance 48 lbs. 
at G, and a slight addition will cause it to descend so as to raise 
G. If the radius of the winch A be greater than- that of the 
wheel D, additional power will be gained in the same pro- 
portion ; and a very great increase of mechanical advantage will 
be gained, by suspending the weight G from the axle I, instead 
of from the wheel. For if the wheel have 6 times the diameter 
of the axle, then a weight of 48 lbs. at G will be equivalent to 
288 lbs. suspended from the axle ; but there will, of course, be 
a loss of velocity in the same proportion. It is by an endless 
screw that the vanes of a smoke-jack are usually made to' adt 
upon the wheel which causes the revolution of the spit: the 
power applied is very small ; but, as it acts with considerable 
velocity, it gives sufficient motion to the wheel. 

375. As the power of an ordinary screw depends upon the 
proportion between the circumference of the circle described by 
its power and the distance of its threads, it is obvious, that, by 
increasing the length of the lever, or diminishing the distance of 
its threads, we might increase our power to any required extent. 
But here the same practical difficulties occur, as in the case of 
the wheel and axle ; for a great extension of the arm of the lever 
is attended with obvious inconveniences; and in proportion as 
the distance between tiie threads of the screw is diminished, th^ 
must themselves become thinner and weaker. The principle of 
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the Chinese wheel and axle (§.325) has been applied in a very 
ingenious manner to the screw. It consists of two screws, of 

which one works {within the 
other ; whilst the outside one 
turns in a fixed nut or cross- 
bar, as in the common press ; 
and the inside one, being 
fixed to the press-board, rises 
into the outer one as the latter 
is turned roimd. If the threads 
of the two screws were at equal 
distances, it is obvious that 
the press-board would not be 
made, to descend by the down- 
ward motion , of the outer 
screw ; since the inner screw 
would move up within it to 
just the same amount. But hy 
making, a certain difference 
between the distance of the threads in the two screws, any 
amount of movement which we desire may be given to the press- 
board. Thus, supposing that the outer screw have the distance 
of an inch between eaeh thread, whilst the inner screw has only 
3-4ths of an inch ; the outer screw descends an inch by one 
turn through its fixed nut, but the inner screw rises into it 3-4ths 
of' an inch by the same turn ; so that the press-board is only 
made to descend through the difference, — l-4th of an inch; and 
the same power is thus gained, as if the turns of the screw had 
only the distance of l-4th of an inch from each other. 

376. The more nearly the distance between the threads of 
the two screws approaches to equality, the greater will be the 
power gained, since the real motion is only to the amount of the 
difference between them. Thus, supposing that the outer screw 
has an inch between the threads, or 24 threads in two feet, 
whilst the inner screw has 25 threads in the same length, or a 
distance of 24-25ths of an inch between the threads, — ^the dif- 
ference of distance, or the amount of motion produced by one 
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turn of the doable screw, will be no more than l-25th of an inch ; 
so that, if the lever were 6 feet long, the power gained, according 
to the principle already stated (§.372) will be no less than (36 x 
12 X 25 =) 10,800. To this kind of increase there are no limits, 
since we can make the threads as nearly equal as we please, and 
on a scale proportionate to the amount of strength required. 
This compound screw is termed Hunter's screw, after its inventor, 
the celebrated surgeon. As now applied in practice, however, 
its construction is somewhat different, although the prindple is 
the same. If a single long cylinder have a thread of any size 
cut upon it for half itd length, and the other half have a thread 
a little different, it is evident that two nuts, or cross-pieces, made 
to receive the two parts of the screw, will be made to approach 
each other, or to recede from one another, as the screw is tamed, 
by an amount equal to the difference between the threads. For, 
supposing the threads equal, both nuts are made to advance along 
the screw as it is turned, to the same amount ; and their dist- 
ance from each other remains the same. Bat, if the lower thread 
be coarser than the upper, its nut will move on faster than that of 
the other, and will tend to overtake it ; whilst, if the screw be 
turned in the contrary direction, the nuts will be made to 
separate from each other to the same amount. 

377. The screw is not used, however, only as a means of gain- 
ing mechanical advantage ; for it serves many other important 
purposes. Wherever a very small amount of motion has to be 
produced, and its quantity exactly measured, the screw is the 
instrument employed. Thas, in the instruments tenned micro- 
meters, which are applied to microscopes and telescopes, for the 
purpose of measuring the size of objects seen through them, a 
screw is used, either to move the object across a fixed thread* or 
to move the thread across the object ; so that, by the amount of 
motion given, the diameter of the object may be known. This 
is easily ascertained by employii^ a very fine-threaded screw ; 
and by marking divisions upon the head by which it is turned. 
Thiis, suppose the screw to have 50 turns to the inch, and the 
circle round the head to be divided into 200 parts, each of these 
divisions will be equivalent to 1-I0,000th part of an inch ; mnce 
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one whole turn of the screw will move the object bnt l-60tih part 
of an inch ; and 1 -200th of a turn will move it but the 1 -200th 
of that amount. The same principle is employed in drawing 
very fine lines upon glass or other hard substances; for, supposing 
the Hues to be drawn by a diamond-point, fixed in a frame which 
only allows it to be moved backwards and forwards, — ^if the object 
be moved by the micrometer screw after each line has been drawn, 
the next may be drawn at any the most minute distance from it, 
which may be measured with the greatest nicety. In this 
manner lines have been drawn on glass at a distance of only 
1000th of an inch from each other ; and on steel at a distance 
of only l-10,000th of an inch. These last were for the purpose 
of giving to a polished steel surface the power of reflecting light 
after the manner of mother-of-pearl, according to the principles 
to be explained in the Treatise on Optics. The principle of 
Hunter's screw may be very conveniently applied in the con- 
struction of a micrometer ; since the minutest degree of motion 
required may be thus obtained, without such a degree of fineness 
of thread, as would make it diffiotdt to cut the screw accurately. 

378. Among the familiar applications oi the screw may be 
noticed the vice, the clamp, and the patent corkscrew. The 
action of the two former requires no explanation ; that of the 
latter may not be at once understood. In the patent corkscrew, 
there are two screws with unequal threads, one working within 
the other, as in Hunter^s screw ; but the threads are cut in con- 
trary directions, and their action is not connected. The inner 
screw is attached to the handle above, and carries at its lower 
end the helix or spiral, which is to be made to penetrate the 
cork. This is forced down by the motion of the handle, until it 
can turn no farther ; and it then lays hold of, and drags with it, 
the cylinder in which it turns. By means of the coarse screw 
which is cut on the outside of this, in the contrary direction to 
that of the interior screw, the continued circular movement of 
the handle causes it to ascend rapidly, carrying with it the inte- 
rior screw, and the cork which is held at its lower end. 

379. The most numerous of all the instances of the applica- 
tions of the screw, however, are those in which it is made to 
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bind together, two pieces of timber or other material, and its 
utility (for sach purposes entirely depends upon the amount of 
friction, which is generated by the pressure against its surface 
and thread. For, supposing the friction to be altogether removed, 
every screw on which there is any strain would slowly turn out 
of its socket, and allow the separation of the parts which it is 
intended to hold together. Screws which are to be inserted into 
a material that can be. compressed,. such as wood, are usually 
made smaller near the point than near the top ; and thus they 
act upon the principle of the wedge also, being driven into a 
hole that is at first too small for their large extremity, but the 
resistance being gradually overcome. The increased pressure 
thus created serves to hold. the screw much more, firmly in its 
place, than if it were of a cylindrical form, and were driven into 
a hole just large enough to receive it. Only this last form, how- 
ever, can be given to those screws which are to be inserted into 
metals and other incompressible materials; but here there is 
much more strength in the interior thread by which the screw 
is embraced. In instruments which are used to penetrate wood, 
&c., such as gimlets or augers, the screw is brought to a point 
at its extremity, so. as to enter easily, and then widens rapidly; 
the combination of the action of the wedge with that of the 
screw, in such an instrument, is very apparent. 



, CHAPTER XIL 

OF FRICTION. 

• 

380. Allusions have been several times made, in the preced- 
ing pages, to the resistance to motion occasioned by friction^ or 
the rubbing of the surfaces, of which one is moving over the 
other. It is intended here to examine the nature of this resist- 
ance somewhat more in detail, and to state the laws by which 
it is governed. 

381. It has been shown (§ 32) that great resistance to 
motion may occur, when the surfaces are extremely smooth, 
especially if they are of the same kind ; in consequence of the 
homogeneous attraction, which occasions a tendency in the 
particles of the two surfaces to adhere, when brought into very 
close contact with each other. This is certainly one cause of 
friction; and it seems to explain the well-known fact, that 
there is more finction between two smooth surfaces of the same 
kind — two of brass, for instance, — or two of steel — than there 
is between two surfaces of different kinds — steel and brass, for 
example. It has been found that where steel works against 
gun-metal, (a kind of very hard brass,) the same weight maybe 
moved with a force of 15^ lbs., which it would require 22 lbs. 
to move, when steel works against cast-iron. Hence we see the 
importance of so combining different metals, in the construction 
of machinery, as to reduce the friction of their moving surfaces 
to as low an amount as possible. It is for this reason that we 
almost always see iron spindles working in brass sockets ; and 
even when the frame in which the spindle works may be of 
iron, the hole is lined or huBhed (as it is termed) with brass. It 
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is, in part, for the same reason, that, in clock and watch-work, 
the wheels are of brass, but the pinions of steel. 

382. The resistance produced by friction, however, is generally 
caused, in part, by the roughness of the rubbing surfaces, which 
prevents their free motion on one another. It is impossible to 
make any surface perfectly fr^e from such roughness ; and the 
minute elevations on one, locking (as it were) into the depres- 
sions in the other, cause an obstruction to the force that moves 
them, which varies with the degree of roughness. Hence, even 
in the simplest machines, there must be a certain amount 
of loss by friction; and in those of a complex nature, 
that loss is very greatly increased. Yet this very friction 
performs purposes in the economy of nature, which far more 
than compensate us for the loss which it thus occasions. 
*' Were there no friction," it has been well remarked, ^^all 
bodies on the surfeuse of the earth would be clashing against 
one another; rivers would dash with unbounded velocity; 
and we should see little else besides collision and motion. 
At present, whenever a body acquires a great velocity, it 
soon loses it by friction against the surface of the earth ; the 
friction of water against the surfaces it runs over soon reduces 
the rapid torrent to a gentle stream ; the fury of the tempest is 
lessened by the friction of the air on the face of the earth ; and 
the violence of the ocean is subdued by the attrition of its own 
waters. Its offices in works of art are equally important. Our 
garments owe their strength to friction ; and the strength of 
ropes, sails, and various other things, depends on the same 
cause ; for they are made of short fibres pressed together by 
twisting, and this pressure causes a sufficient degree of friction 
to prevent the fibres sliding one upon another. Without friction, 
it would be impossible to make a rope of the fibres of hemp, or 
a sheet of the fibres of flax ; neither could the short fibres of 
cotton have ever been made into such an infinite variety of 
forms as they have received from the hands of ingenious work- 
men. Wool, also, has been converted into a thousand textures 
for comfort or for luxury ; and all these are constituted of fibres 
united by friction. In fine, if friction retards the motion of 
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machines, and conaames a large quantity of moving power, we 
have a fall compensation in the numerous and important benefits 
which it insures to us." 

383. As an example of the advantageous application which 
may be made of the resistance occasioned by friction, we may 
advert to the various kinds of drag» used to retard the motion of 
a coach down a hill, or to bring a rapidly-moving railway-train 
to rest (§ 152). A very ingenious drag has been contrived for 
the former purpose, which deserves special notice. It consists 
of a circle or collar of wood, divided into three pieces, which are 
jointed together ; and this is fixed on the nave of the wheel, in 
snoh a manner, tliat it may either stand off at a short distance 
from its surface, or may be made to embrace it closely, causing 
friction sufficient to render the motion of the wheel difficult, or 
even to resist it altogether. The first position is seen in the left- 
hand figure ; and the second in the tight. The wooden collar is 
made to embrace 
the nave, bymeans 
of a chain attached / 
to the bolt ic;{ 
and this chain isl 
connected with the 
breeching of the 

horse in such a f™. lis. 

manner, that, when the vehicle is descending a hill, and the horse 
in reusting its descent bears upon its breeching, the chain is 
puUed, and the collar tightened, so as to drag the wheel. Both 
the wheels may be fitted with this apparatus ; and the dr^ging 
of either or both of them may be prevented, by inserting a small 
pin into the shaft, which shall prevent the bolt from being drawn 
forwards when the horse bears otv its breeching. 

384. Numerous experiments on the efiecte of friction have 
been made at different tiroes, and by various persons; and, 
although t&ere is a good deal of discrepancy in their results, the 
following principles seem to he well establishiid by them, — 
I. The amount of friction for hard substances !a proportional to 
the pressure employed. Thus, if one piece of cast-iron be laid 
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upon another, both having flat surfaces, it will be found that the 
force necessary to move the upper one over the lower vdll be 
almost exactly proportional to its weight— being doubled, tripled, 
or halved, as the weight is doubled, tripled, or halved. This 
rule holds good for hard metals, with almost perfect exactness, 
until the pressure amounts to 32 lbs. on the square inch ; but 
there is a considerable deviation from it, in the case of pressures 
exceeding that limit. There is but- little irregularity in the case 
of hard woods, even up to a greater pressure than this. A piece 
of Norway oak having a surface of 2 inches square, being 
pressed upon another with a weight of 1 cwt., exhibited a fric- 
tion of 14 lbs., 5 oz.; whilst, under a pressure of 4 cwt., its 
friction became 56 lbs., 7 oz., — thus differing from four times its 
previous friction by only 13 oz., although the pressure was then 
J 12 lbs. on the square inch. The case is very different, however, 
with regard to fibrous substances, such as cloth ; for their friction 
diminishes as the pressure is increased ; probably because their 
texture is thus rendered closer, so that their character approaches 
nearer to that of hard substances. The friction of metallic sub- 
stances for pressures beneath 32 lbs. on the square inch, is, upon 
the average, about one-sixth of the weight ; — that is, a force equal 
to one-sixth of its pressure is required to move a mass of metal 
having a smooth surface, over the surface of another. The friction 
is found to be least, when brass and wrought-iron work together; 
its proportion to the weight being nearly as I to 7j, When 
steel works upon steel, the proportion of friction to the weight is 
as 1 to 6^. And when cast-iron works upon cast-iron, it is as 
1 to nearly 6^. The friction of the softer metals upon one 
another is much greater. Thus, when brass works on brass, its 
friction is to the weight as 1 to 5| ; and when tin works on tin, 
it is as 1 to 3f. 

385. II. The second principle is, that the amount of friction 
remains the same, when the whole pressure is the same, whatever 
be the extent of the surfaces in contact, provided their character 
remains the same. This is a very important property, and may 
be regarded as well established. It is evident that, when a 
weight rests upon a large surface, the pressure upon any given 
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portion of that surface is far less, than if the whole weight rests 
upon a surface of smaller dimensions. Thus, if a weight of 
100 lbs. rest upon a surface of 8 square inches, the pressure per 
square inch is only 12^ lbs. ; whereas, if the weight rested upon 
a surface of only 2 square inches, the pressure would be 50 lbs. 
per square inch. As the friction is proportional to the pressure, 
it follows that the friction of any given extent of surface, loaded 
with a certain weight, will be the same as that of a surface four 
times as large, but having a pressure only one-fourth as great on 
each quarter. This is found to be almost precisely the case, in 
regard to hard surfaces of the same character ; but it does not hold 
good in reference to fibrous substances, such as wood, if the direc- 
tion of its fibres be changed. Thus the friction of a piece of cast- 
iron, laid upon another, is very nearly the same, whether it be made 
to slide upon its flat side or upon its edge. But if a block of oak 
be made to slide upon an oak table, in such a manner that the 
fibres of the two are in the same direction, the friction is greater 
than it is, when the fibres of the block and those of the table run 
in opposite directions. 

386. III. The third principle is also one of great importance. 
It may be thus expressed. The friction of a body, when in a 
state of continuous motion, bears the same constant proportion 
to the pressure, whatever may be the rapidity of the motion. 
Hence the friction of any machine is the same, whatever may be 
the velocity of its motion ; &nd its influence may be regarded as 
a uniformly retarding force. This does not hold good, however, 
in regard to cloth and other fibrous substances, the friction of 
which is actually diminished by increased velocity. Neither 
does the principle apply in any case to the force required to 
change the state of a body from one of rest to one of motion ; for 
the resistance occasioned by friction is usually much greater 
under such circumstances, than it is when the body is already in 
motion. The friction of quiescence (as it is termed) may, how- 
ever, be changed into the friction of motion^ by the slightest ^ar 
or shock, which shall produce the most imperceptible movement 
of the surfaces of contact. Of this we frequently see illustra- 
tions, in the case of bodies which are held by friction in insecure 



310 DIMINUTION OP FRICTION BY UNGUENTS. 

positions — ^as a book lying upon an inclined surface— but which 
are made to fall by any tremulous motion^ such as the shaking 
of the floor by a person walking across it. The same is noticed 
in the launching of a ship : the ways form an inclined plane, 
down which the ship slides readily when once set in motion ; 
but, although all the props that previously kept her up are 
removed, she frequently does not commence her descent, until 
the people on board have produced ajar by jumping on her deck. 
When both surfaces are of wood, the friction of quiescence is 
generally about one-half more than the friction of motion ; but 
when both surfaces are of metal, the difference is much less, and 
indeed can scarcely be said, in some instances, to exist at all. 

387. The resistance produced by the friction of metallic sur- 
faces is diminished, as every one knows, by interposing oily or 
greasy substances between them ; and it is a matter of great 
practical importance to ascertain what substances are best 
adapted for this purpose. No general principles can be laid 
down in regard to their use; for the emplojonent of them 
entirely destroys the constant proportion, which has been stated 
to exist between the friction and the pressure, in other instances. 
When oil is interposed between the surfaces, it is found to 
diminish the friction to a very great degree, so long as the load 
is not heavy; but when the pressure is much increased, the 
friction increases in a far higher proportion ; so that it is nearly 
as great, for a very heavy load, as when no oil is employed. 
Thus, when an axle of yellow brass worked in a collar of cast* 
iron, without oil, its friction was about l-4th of the pressure, 
whatever the amount of the load. When the surfaces were oiled, 
the proportion of friction was reduced, whilst the pressure was 
only ^ cwt., to l-37th of the weight ; but when the pressure 
was increased to 11 cwt., the proportion of friction rose to l-6th, 
or little less than when no oil was employed. But when a 
harder unguent was employed, such as tallow, soft-soap, or anti- 
attrition composition, the proportion of friction under heavy 
pressures is much less ; so that it seems to be a general principle, 
that, the heavier the pressure, the harder should be the unguent; 
whilst, with light pressures, the more fluid unguents may be 
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employed with advantage. Hence, for large machinery, tallow, 
lard, &c., may be most advantageously used ; whilst for clock 
and watch- work, in which the least viscidity would check the 
movement, and the pressure is very light, only the finest oils 
can be employed. It is remarkable that the interposition of 
water between surfaces of wood diminishes their friction when 
in motion^ if the fibres of one piece have a direction perpendicular 
to those of the other, from about one-third to one-fourth of the 
pressure ; whilst it increases their friction of quiescence^ — that is, 
increases the force requisite to produce the first movement, — 
from rather more than one-half to nearly three-quarters of the 
pressure. 

388. The laws of friction have an important bearing on the 
construction of carriages ; particularly as to the direction in which 
the power of the horse should be applied. It is found by expe- 
riment, that this power will produce a much greater efi^ect, when 
it is made to pull the carriage somewhat upwards (or from the 
ground) as well as forwards, than when it pulls simply forwards ; 
and the angle at which the power may be best applied is deter- 
mined in the following simple manner. Let the carriage be 
placed upon a road having just such an inclination, that whilst 
at rest it will remain at rest, and that when put in motion it will 
continue to descend uniformly; its downward tendency at this 
inclination, therefore, is exactly equal to the friction, and is coun- 
terbalanced by it. Now such an inclination is exactly that at 
which the power may be most advantageously applied, when 
the carriage is moving on a horizontal surface ; for the power 
will then have the tendency to lift the carriage from the ground, 
to just such a degree as may diminish its friction as much as 
possible, without any of it being uselessly expended. Hence, 
the rougher the road, and the more friction there may be in the 
axles of the wheels, the greater should be the inclination at which 
the draught is applied. In the railroad, in which the friction 
on the road is trifling in comparison with the pressure, the power 
is most advantageously applied horizontally, or in the line of 
the road. 

389. Many contrivances may be adopted to reduce friction. 
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where it opposes an undesirable resistance to motion ; bnt the 
priaciple ia all of them is the same, — that of substituting a 
rolling for a ruhbit^ nmtion. It is in this that the superiortfy 
of the wheeted-cart or carriage over the sledge consists. The 
friction of the latter upon ice or snow is not too great to he 
readily overcome ; but upon a common road it is enormoualjr 
increased ; whilst the interposition of oven very small wheels or 
rollers at once diminishee it. There are few persons who haT« 
not witnessed the assistance given b; rollers, laid under a beam 
of wood or a block of stone, in fiunlitating its movement along 
the ground. In America it is not uncommon to move whole 
houses by a contrivance of this kind. The earth is gradually 
dug away beneath the foundations, and the walls are supported 
on horizontal beams as the earth is withdrawn, until the whole 
house rests upon a timber frame-work. This is then drawn 
by capstans and pulleys, over toay« previously prepared; the 
friction being diminished by placing rollers or balls between 
the moving surfaces. The largest mass ever thus moved, is pro- 
bably the block of stone, on which stands the colossal statue of 
Peter the Qreat 
at St. Feterabutg. 
It is estimated 
to weigh 400,000 
lbs. ; and its size 
may be judged of 
. by the figure on 
" its top in the ac- 
I companying dia- 
Fro. 119. gram, represent- 

ing the mode in which the moving power was applied ; this 
figure is that of a drummer, who was placed there to regulate 
the movements of the men employed. The mass of stone was 
supported on each side upon two vast beams, which were grooved 
to receive the friction balls ; on these, one beam was made to 
move ovei the other with the least possible friction. By these 
means, this enormous block was drawn for a distance of several 
miles, by the combined efforts of a large number of men. 
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390. A similar plan is applied to the axles of wheels, whose 
friction it is desired to diminish to the smallest possible amount. 
Instead of making them turn in a socket, or collar, they are made 
to rest upon two other wheels, placed as in Fig. 120 ; and when 

put in motion, the axle rolls upon the edges of 
these, instead of rubbing. This is the contriv- 
ance employed to diminish the friction of the pul- 
ley in Atwood's machine (§ 247) • Or the axle may 
be entirely surrounded by a set of rollers, which 
Fio. 120. line, as it were, the socket in which it works. 
In either case the actual amount of friction is the same as that 
which would have existed, had the axle turned in a socket in the 
usual manner; since the pressure distributed over the pivots of 
the wheels or rollers, on which the axle rests, produces altogether 
exactly the same friction, as it would do when sustained by a 
single axis, on the principle just now laid down. But the 
force necessary to overcome that friction is applied much more 
advantageously ; for the friction is now transferred from' the axle 
itself, to the pivots of the friction-wheels. These last are turned 
round very slowly, by the rolling of the axle upon their edges; 
but as there is a gain of power proportional to the loss of velocity, 
a very small force is expended by the axle, in overcoming the 
friction of the pivots of the friction-wheels. Thus, we will 
suppose the diameter of the friction-wheel to be 6 inches, and 
that of its pivot to be ^ an inch ; a power of 1 applied to 
the wheel will overcome a resistance of 12 at the axle ; so that 
the resistance to the motion of an axle resting on two such 
wheels is only l-12th of the combined friction of their pivots, 
or l-12th of that which the friction of the axle itself would have 
produced. 
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ordinary experience as parts of the system — as the first rounds of that intellectual 
ladder by which they aspire to scale the loftier heights of philosophy,'' has been 
well descatbed 'as a common . error among those who undertaJce to direct the study 
of Natural Science. This error will be especially guarded against in the pr^nt 
series ; its coAduotors deeming A certain amoant of diffuseness, which may be 
thereby iofilirred) a far less evU than that frigid conciseness whidi is bo repidsiTe 
to the beginner, though of value to the adv^pced student. 

Each of the l^reatises will be distinct in itself, hui they will all form parts of 
one general plan ; so tllat a considerable degree of connection may exist between 
them, and harmony be maintained throughout. In every department, care will be 
taken to give the latest views attained at the time of its preparation, provided these 
appear well founded ; and to embody as many facts of strUsing interest as may be 
possible, so as to furnish entertainment as well as instruction ; but great pains will 
be taken to SKclude every thing which it mijg^ht be afterwards desirable to unlearn. 

The high position .in the scientific world of the gentleman to whom its execution 
has been confided, afibrds the best guarantee that the whole work will be completed 
in a manner worthy of its importance ; and the Publishers *refer, with much satis- 
faction, to the Treatises on VEGETABLE PHYSIOLOGY and BOTANY, 
already published, and forming Parts I. and II. of the series. 

It is intended that the subjects fthall be distributed under the following heads, 
forming, in the whole, nine volumes. The series will be concluded with a volume 
on Natural TheologIt, in which ^ference will be made to the facts contained in 
the previous treatises. 



Mbcranics — Ab^^u>nomy — Htdrostatics 

— HvDaAOLICS ^PVBUMATICS. 

Sound — Heat -*— Light •— Electricity 

— >MAGIinTISM. 



CHEMI|prRV,AMDITS APPLICATIONS TOTBS ArTS. 

Mineralogy — Geology. 
Yegbtablb Physiology— Botany. 
Zoology — Animal Phybiology. 



Habits and Instincts of Animals. 

The1i,bove will be the arl?angement of the series, when complete, with General 
Titles and Indexes ; but circumstances render it expedient to vary the order of 
publication. The Volume on Vegetable Phtsiologt and Bdtant was prodbced 
first, there being a peculiar want of an Elementary Treatise on those sdenoes, and 
also as being particularly adapted to exhibit the general charactar of the whole 
work. 

The following Treatises will be produced dnringHhe pr«66Bt year, viz. : — 

Part m.— MECHANICAL PHILOSOPHY and fts APPLICATION to the ARTS, 

on February 28th. 
Part IV.— ASTRONOMY, with its PRACTICAL APPLICATIONS, on April SOth. 
Part V.-1-ANIMAL PHYSIOLOGy, July 30th. 
Part VI.— ANIMAL PHYSIOLOGY, September 30th. 
Part VIL— HYDROSTATICS, December 30th. 

a 

To all Persons engaged in Teaching; to the Heads of Schools and Colle^ 
giate Institutions ; the Publishers cor^idently recommend these TreaHses as 
eminently adapted for Class-hooks. 
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